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ABSTRACT 


Taking  advantage  of  experience  gained  during  the  flight  of  the 
U.S.  Navy's  GEOSAT  altimeter,  this  technical- note  discusses  some 
of  the  problems  encountered  and  recommends  new  approaches  for 
.future  altimeter  systems.  In  particular,  I  strongly  urge  that 
exact-repeat  track  sampling  be  continued  for  the  next  decade. 
Optimum  sampling  for  mesoscale  features  can  be  realistically 
accomplished  with  three  altimeters  flying  at  7-day  refresh  periods 
with  equidistant  crosstrack  spacing.  More  formal  recommendations 
will  come  with  the  results  of  current  studies  using  various 
configurations  during  mission  simulations.  It  is  also 
recommended  that  additional  effort  be  invested  in  sea-ice 
monitoring  and  in  geophysical  corrections. 
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SATELLITE  ALTIMETRY  FOR  NAVAL  OCEANOGRAPHY 

I.  INTRODUCTION 

This  technical  note  addresses  the  problem  of  new  approaches  to 
satellite  altimetry  which  will  be  needed  to  meet  future  naval 
tactical  and  strategic  performance  goals.  In  particular,  it 
considers  advanced  sampling  strategies  and  increased  measurement 
accuracies  that  will  lead  to  improved  operational  geophysical 
products . 

The  U.S.  Navy's  Geodesy  Satellite  (GEOSAT)  failed  in  January 
1990,  after  supplying  nearly  4.75  years  of  critical  data  on  g’obal 
ocean  topography,  as  well  as  nadir  measurements  of  wind  speed, 
significant  wave  height,  and  sea-ice  edge  location.  One  of  the 
major  reasons  for  the  success  of  GEOSAT  came  with  the  Exact 
Repeat  Mission  (ERM),  a  NOARL-designed  and  Navy  sponsored  effort 
focused  on  the  use  of  satellite  altimetry  for  oceanography.  This 
effort  provided  more  oceanographic  altimetry  than  has  previously 
existed,  and  for  the  first  time  allowed  Navy  operational,  as  well 
as  scientific,  benefits  of  satellite  altimetry  to  be  realized  in  a 
major  way.  This  unprecedented  data  set  has  created  a  new  view  of 
the  global  oceans  from  a  scientific  perspective.  In  addition, 
such  efforts  as  the  GEOSAT  Ocean  Applications  Program  (GOAP)  have 
successfully  addressed  the  more  difficult  problem  of  deriving 
useful  geophysical  products  on  a  Navy  operational  near-real 
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time  scale.  From  these  experiences,  recommendations  can  be 
offered  on  improvements  which  will  help  the  Navy  meet  future 
tactical  and  strategic  performance  goals. 

The  U.S.  Navy's  GEOSAT  program  has  created  optimism  in  the 
scientific  community  on  the  ability  of  satellite  altimeters  to 
monitor  global  ocean  and  ice  dynamics.  However,  significant 
problems  remain  with  the  ability  of  a  single  altimeter  to 
satisfactorily  monitor  the  ocean  mesoscale  in  an  operational  time 
frame.  Data  fusion  with  simultaneous  measurements  by  other 
instruments  (including  additional  altimeters)  and  data 
assimilation  into  numerical  models  need  to  be  considered,  as  well 
as  improvements  in  geophysical  corrections.  For  this  reason, 
specifications  for  future  altimeters  must  be  developed  as  part  of 
a  system  rather  than  as  a  single  engineering  entity. 

In  this  technical  note  the  need  for  repeat  orbit  sampling,  the 
use  of  multiple  altimeter  satellites  and/or  single  satellites  with 
multiple  beam  altimeters,  and  different  strategies  for  orbital 
configurations  are  examined.  This  technical  note  provides  a 
first-cut  summary  of  recommendations  which  we  plan  to 
refine  by  direct  simulation  of  the  ingestion  of  altimetry  into 
the  Navy's  future  operational  data  streams.  It  is  anticipated 
that  these  more  rigorous  studies  will  require  a  refinement  of  the 
recommendations . 

In  addition  to  mesoscale  oceanography  sampling  requirements, 
the  need  for  improved  sea  ice  sampling  and  geophysical 
corrections  are  discussed.  The  technical  note  is  organized  so  that 
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a  specifications  list  and  a  set  of  recommendations  come  first, 
followed  by  the  text.  An  Appendix  contains  relevant  publications 
on  the  subject  . 
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II.  SPECIFICATIONS 

A.  COVERAGE: 

1.  +81.5  degrees  latitude  (nominal)  for  sea  ice  and 
ocean  mesoscale  coverage. 

2.  +65  degrees  latitude  (nominal)  for  ocean  mesoscale 
(refer  to  section  VIII). 

3.  +72  degrees  latitude  ( GEOSAT/SEASAT )  (**  NOTE  1). 

4.  8.5  degree  longitudinal  track  separation  per  day  (** 
NOTE  2  )  . 

B.  ORBIT: 

1.  Exact  repeat  to  +1  km  (cross  track  -  **  NOTE  3). 

2.  3  to  35  day  refresh  periods  -  dependent  upon  availability 
of  simultaneous  measurements,  such  as  from  other 
altimeters  or  AVHRR,  and  assimilation  methodology. 

C.  PRECISION: 

SEA-SURFACE  HEIGHT:  +3  cm 

SURFACE  SLOPE:  +5.0E-07  (**  NOTE  4). 

SEA-ICE  EDGE:  +7  km  (nominal  footprint  diameter). 

SEA-ICE  CONCENTRATION:  +5%  (**  NOTE  5). 

SEA-ICE  FREEBOARD:  +25  cm  (**  NOTE  6). 

WIND  SPEED:  +1  m/S 
SURFACE  WAVE  HEIGHT:  +0.1  m 

D.  ACCURACY: 

SEA-SURFACE  HEIGHT:  +10  cm  difference  at  100  km  separation 
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(**  note  7);  degrades  to  detection  only  at  50%  of  mesoscale 
height  anomaly. 

SATELLITE  HEIGHT  ABOVE  SEA  LEVEL:  +5  cm. 

SURFACE  SLOPE:  +1.0E-06;  degrades  to  unusable  at 
+  2 . 0E-06  . 

SEA-ICE  EDGE:  +7  km 

SEA-ICE  CONCENTRATION:  ±10%;  degrades  to  unusable  at  25%. 
SEA-ICE  FREEBOARD:  ±50  cm;  degrades  to  unusable  at  2  m. 


WIND  SPEED:  ±1  m/S 

0 

r  10%,  whichever 

is  greater. 

SURFACE  WAVE  HEIGHT 

: 

±o . 

5  m  or  10% 

,  whichever 

i  s 

greater 

TIMELINESS : 

SEA-SURFACE  HEIGHT: 

6 

hr 

( degrades 

to 

unusable 

at 

5-7  day 

SURFACE  SLOPE: 

6 

hr 

( degrades 

to 

unusable 

at 

5-7  day 

SEA-ICE : 

6 

hr 

( degrades 

to 

unusable 

at 

5-7  day 

WIND  SPEED: 

3 

hr 

( degrades 

to 

unusable 

at 

12  hrs ) 

SURFACE  WAVE  HEIGHT: 

3 

hr  s 

( degrades 

to 

unusable 

at 

12  hr s ) 
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NOTES : 


(1)  The  GEOSAT/SEASAT  orbit  follows  a  non-sun-synchronous,  exact- 

repeat  track.  The  advantages  to  selecting  this  orbit  for 
near-future  altimeters  are  that  a  reference  surface 
(see  section  IV)  is  available  for  immediate  use  (including 
synthetic  geoids  in  some  regions),  and  that  over  3  years  of 
statistics  are  available  for  improved  statistical  prediction 
model s . 

(2)  This  requires  three  altimeters  flying  simultaneously.  Thirty- 
three  percent  degradation  for  each  missing  altimeter  (Advanced 
Very  High  Resolution  Radiometer  ( AVHRR )  can  be  considered 
nominally  equivalent  to  one  altimeter  for  detection  only). 
One  multibeam  altimeter  with  50-km  side  beams  and  a  20-day 
refresh  period  can  provide  adequate  coverage  for  non-eddy¬ 
resolving  global  model  assimilation,  but  is  not  adequate  for 
eddy-resolving  assimilation. 

(3)  With  non-repeat  orbit,  application  is  limited  to  detection 
of  mesoscale  features  in  the  few  areas  where  a  highly 
accurate  geoid  is  available.  Objective  data 
assimilation  is  not  feasible  with  non-repeat  orbits. 

(4)  Cross-track  SSH  slope  is  obtainable  with  a  multibeam 
altimeter.  Together  with  along-track  slope,  it  can  be  used 
to  calculate  current  vectors.  The  precision  given  here  allows 
current  speed  calculations  to  +/-5  cm/s  at  45  degrees 
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latitude.  It  should  be  noted,  however,  that  SSH  slope  is  not 
presently  being  considered  for  use  in  Navy  operational 
products  . 

(5)  Ice  coverage  sets  specifications  for  parameterization  of 
waveform  (refer  to  Section  VIII). 

(6)  Ice  freeboard  sets  specifications  for  recording  and 
transmitting  tracking  parameters  (for  retracking  surface 
refer  to  Section  VIII). 

(7)  Radial  orbit  determination  is  a  dominant  source  of  error  in 
SSH,  overwhelming  mesoscale  anomaly  heights.  Fortunately  the 
large  wavenumber  gap  between  mesoscale  features  and  the  radial 
orbit  errors  has  allowed  regional  corrections  at  the  decimeter 
level.  The  accuracy  given  here  specifies  that  along-track  SSH 
differences  to  within  +10  cm  should  be  obtainable  over  a 
distance  of  100  km  (refer  to  Section  VI). 
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Ill . 


RECOMMENDATIONS 


A.  The  altimeter  specifications  listed  in  Section  II 
provide  general  guidance  for  mission  design  of  future  altimeter 
systems.  It  should  be  noted  that  such  specifications  as  coverage 
and  refresh  periods  should  not  be  determined  separately  from 
considerations  of  an  altimeter  as  part  of  a  sampling  system.  More 
formal  recommendations  on  sampling  strategy  are  being  developed, 
based  upon  ocean  mission  simulations. 

B.  Because  the  uncertainty  in  geoid  determination  tends  to 
mask  ocean  dynamic  topography  from  altimetry,  repeat  orbit  sampling 
is  essential  over  most  of  the  ocean  for  mesoscale  analysis.  Repeat 
orbits  allow  a  reference  surface  ,  which  serves  as  a  geoid,  to  be 
generated . 

C.  Refresh  times  of  3  to  35  days  are  candidate  repeat 
periods  for  naval  operational  usage.  These  periods  are  dependent 
upon  the  number  of  altimeters,  the  availability  of  simultaneous 
measurements  such  as  Advanced  Very  High  resolution  Radiometer 
( AVHRR ) ,  and  the  assimilation  models  used.  Based  upon  experience 
during  the  GEOSAT  mission,  the  optimum  realistic  space/time 
sampling  of  mesoscale  features  would  occur  with  three 
altimeters  at  7-day  refresh  periods  and  phased  for  homogeneous 
cross-track  separation. 
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D.  For  the  near-future  GEOSAT  Follow-On  altimeters,  it  is 
recommended  that  sampling  be  continued  along  the  GEOSAT-ERM 
groundtrack.  The  reference  surface  and  statistics,  determined 
from  over  3  years  of  sampling,  can  be  immediately  incorporated  into 
Navy  models. 

E.  Proper  mission  design  work  for  altimetric  satellites 
should  identify  those  candidate  repeat  orbits  which  also  satisfy 
the  constraints  imposed  by  ground-station  overpass,  sun-chroni ci ty , 
altitude,  and  input  times  (see  specification  list) 

for  models  which  require  time-critical  data. 

F.  DMSP  Block  6  polar  orbiters  should  carry  altimeters,  and 
repeat  orbits  found  that  satisfy  all  constraints.  Satellite 
altimeters  on  foreign  and  other-agency  platforms  should  be 
considered  for  cost-effective  exploitation,  and  negotiations  for 
raw  altimetry  data  done  at  an  early  stage. 

G.  Sea-Ice  monitoring  by  altimeters  should  be  considered  as 
part  of  the  sampling  strategies.  Parameterization  of  the 
waveform  for  efficient  extraction  of  ice  information  should  be 
included  in  the  Sensor  Data  Record  (SDR). 

H.  Geophysical  corrections  are  a  major  concern.  Altimeters 
of  the  future  should  carry  bore-sighted  radiometers  for  water 
vapor  corrections.  Effective  algorithms  for  electromagnetic  bias 
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should  be  sought.  Tidal  models  need  improvements  in  many  shallow- 
water  regions.  The  effect  of  atmospheric  pressure  loading  across 
a  spectrum  of  frequencies  and  wavenumbers  needs  to  be  investigated 
and  a  model  developed. 

I.  Advanced  techniques  in  radial  orbit  determination,  such 
as  PRARE  (Precise  Range  and  Range  Rate  Experiment)  and  unmanned 
undertrack  transponders  (COMPASS  Experiment),  should  se  exploited 
in  order  to  drive  the  radial  orbit  accuracy  to  below  10  cm. 

IV.  REPEAT  ORBIT  SAMPLING 

Flying  satellite  altimeters  in  a  non-repeat  orbit  has  some 
advantages.  Among  these  are  weight  reduction  (engendered  by 
elimination  of  the  on-board  station  keeping  fuel  and  hardware  - 
this  may  be  crucial  with  inexpensive  launch  vehicles  such  as  the 
PEGASUS),  elimination  of  extra  costs  of  station  keeping,  and 
elimination  of  sample  time  lost  during  orbit  adjustments. 

The  crucial  question,  which  must  be  addressed  in  planning 
altimeter  missions  with  non-repeat  sampling,  is  whether  or  not 
the  marine  geoid  will  be  sufficiently  known  in  the  next  decade  to 
avoid  contamination  of  the  ocean  dynamic  signal  with  geoid 
uncertainties.  Exact  determination  of  the  marine  geoid  has  been 
one  of  the  principal  concerns  in  using  altimetry  measurements  to 
estimate  Sea  Surface  Height  (SSH)  topography  (defined  as  the 
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contribution  from  subtidal  ocean  dynamics  to  sea  level  variation  in 
space  and  time).  Since  both  the  marine  geoid  and  the  SSH  signals 
are  modified  by  organized  bathymetric  features,  no  wavenumber 
spectral  gap  is  available  to  distinguish  one  from  the  other. 
Separation  of  the  relatively  small  SSH  signals  from  the  much  larger 
marine  geoid  undulations  requires  independent  measurements  of  both. 

The  marine  geoid  can  vary  by  tens  of  meters  over  the  global 
ocean,  and  as  much  as  40  cm/km  over  length  scales  of  tens  of 
kilometers  near  steep  bottom  topography.  This  signal,  if  not 
eliminated  from  the  altimeter  time  delay,  can  overwhelm  the  SSH 
contribution  of  tens  of  centimeters.  Furthermore,  this  is  not  a 
problem  associated  only  with  steep  bottom  topography  or  with  long 
wavelengths.  Global  geoid  slopes  are  characteristically  about  ±5 
cm/km  over  a  length  scale  of  100  km.  Larger  slopes  can  occur  with 
smaller  length  scales  -  Brenner  et  al.,  (1990),  suggest  that 
corrections  might  need  to  be  made  for  the  +1  km  ground-track 
wandering  of  GEOSAT  during  the  ERM  period.  Knowledge  of  the  marine 
geoid  to  within  a  horizontal  resolution  of  1  km  would  be  needed  to 
provide  a  signal  error  contribution  of  less  than  5  cm  on  a  global 
scale.  In  areas  of  strong  geoidal  changes,  such  as  the 
Japan/Kurile  Trench  (Kuroshio),  Emperor  Seamounts  (Kuroshio 
Extension),  New  England  Seamounts  (Gulf  Stream)  and  Iceland/Faeroes 
Ridge  (Iceland/Faeroes  Front),  these  errors  can  be  even  more 
significant  ( Ca .  10-40  cm).  It  must  be  noted  that  these  examples 
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are  exactly  the  regions  of  high  Navy  interest  for  mesoscale 
oceanography . 

Obtaining  high  resolution  measurements  of  the  marine  geoid 
will  continue  to  be  a  major  problem  for  some  time  in  the  future. 
Shipboard  gravity  surveys  are  much  too  slow  and  expensive  for  the 
density  of  measurements  needed.  Our  present  geoids  were  created  by 
using  altimeter  measurements  blended  with  surveys  where  available. 
But  the  altimeter  measurements  from  GEOSAT  Pre-ERM  meld  ocean 
dynamic  topography  with  geoid  measurements.  Hence,  even  t-h“  best 
classified  geoids  are  contaminated  by  the  ocean  SSH  which  we  seek 
to  measure  for  naval  applications.  From  a  geodesist's  point  of 
view,  the  SSH  signal  is  a  minor  error  on  the  geoid.  From  the 
tactical  oceanographer's  point  of  view,  however,  the  contamination 
is  critical.  Collinear  averaging  during  the  ERM  period  has 
improved  geoidal  estimates  along  the  repeat  track,  since  this 
method  tends  to  smear  the  SSH  signals  over  longer  wavelengths. 
However,  such  an  improvement  is  valid  only  near  the  repeat  ground- 
tracks  --  60  km  spacing  at  midlatitudes.  Mean  dynamic  topography 
inclusion  in  the  geoid  near  strong  ambient  currents,  such  as  the 
mean  Gulf  Stream,  remains  large  (ca.  100  cm). 

This  problem  was  avoided  during  the  GEOSAT  pre-ERM 
period  by  cross-over  point  differencing  and  in  the  ERM  period  by 
collinear  differencing,  or  by  the  use  of  independent  "data"  such 
as  in  situ  measurements  (Mitchell  et  al.,  1990)  or  simulated 
topography  (Kelly  and  Gillie,  1990).  Since  the  SSH  varies 
temporally,  but  the  geoid  does  not,  differencing  eliminates  the 
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geoid.  Differencing  also  eliminates  the  absolute  (temporal  mean) 
SSH.  it  is  the  temporal  variation  about  the  mean,  which  remains 
in  the  SSH,  that  has  contributed  so  significantly  to  our 
interpretation  of  altimeter  signals  in  terms  of  ocean  mesoscale 
dynamics.  If  we  do  not  use  a  repeat  orbit,  the  differencing  can 
only  be  done  at  cross-over  points.  The  majority  of  data,  which 
falls  in  between  the  cross-over  points,  will  not  be  usable  for  SSH 
retrieval.  The  alternative  of  using  the  present  best  classified 
geoid  is  not  satisfactory  for  universal  oceanography  because  of 
contamination  by  simultaneously  included  ocean  SSH. 

In  figure  1,  the  difference  is  illustrated  between 
subtracting  a  geoid  contaminated  with  dynamic  topography  and 
subtracting  a  collinear  reference  surface.  If  we  assume,  for 
simplicity  of  argument,  that  there  are  no  tides,  no  environmental 
corrections  and  no  orbital  errors,  then  the  altimeter-measured 
sea  level  at  time  index,  i,  is  composed  of  the  true  marine  geoid 
plus  the  instantaneous  dynamic  topography: 

H»  -  G  +  D, 

where  Ht  -  altimeter  measured  sea  level 
G  *  true  marine  geoid 

-  instantaneous  dynamic  topography  at  time  i. 
From  the  geodetic  mission,  Ha ,  assimilated  with  sparse  shipboard 
measurements,  became  the  "measured  marine  geoid."  Future 
measurements  of  the  ocean  surface,  H:,  at  time  index,  j,  are 
subtracted  from  Ht  in  order  to  obtain  an  estimate  of  dynamic 


topography : 


Since  the  true  marine  geoid  cancels  in  this  difference,  the 
estimate  of  dynamic  topography  becomes 


Figure  1  shows  two  examples  of  instantaneous  dynamic  topography 
across  the  Gulf  Stream  region  (figs,  la  and  lb)  and  the  resulting 
difference  between  the  two  (fig.  lc).  Although  the  cold  core  ring 
can  be  easily  located  in  this  example,  the  warm  core  ring  and  the 
Gulf  Stream  locations  are  ambiguous. 

The  second  method,  shown  in  figure  1,  creates  a  reference 
surface,  R,  by  averaging  over  N  collinear  passes: 

R  =  G  +  (E4  Da)/N 

Since  the  ocean  features  vary  in  location  and  amplitude,  the 
averaged  dynamic  topography  will  be  smoothed.  When  this 
reference  surface  is  subtracted  from  an  instantaneous 
measurement,  the  marine  geoid  is  eliminated: 

D.  -  Hj  -  R  -  Dj  -  (EiDj/N 

The  resulting  picture  of  the  Gulf  Stream  area  is  superior  using 
the  collinear  reference  surface  technique. 

Although  we  can  expect  improvements  in  our  computations  of 
the  marine  geoid  during  the  next  decade  and  improvements  in  our 
ability  to  separate  the  SSH  signal  from  the  geoid,  there  is  no 
present  indication  that  we  will  be  able  to  reach  the  point  where 
the  separation  will  be  satisfactorily  achieved  in  time  for  the 
next  generation  of  altimeters.  In  addition,  long  term 
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measurements  from  non-changing  orbits  are  needed  in  order  to 
generate  statistically  significant  time  series.  This  is  of  major 
importance  for  understanding,  as  well  as  for  predicting,  ocean 
dynamics.  For  the  foreseeable  future,  it  is  essential  that 
satellite  altimeters  designed  to  monitor  the  ocean  mesoscale  be 
flown  in  orbits  whose  ground-tracks  repeat  to  within  +1  km. 

Mission  design  work  for  future  satellites  will  need  to 
identify  those  candidate  orbits  that  satisfy  the  constraint  of 
specific  local  time  overflight  and  exact-repeating  ground-tracks, 
along  with  the  constraint  of  effective  operating  altitude. 

During  the  Navy-Remote  Ocean  Sensing  System  (N-ROSS)  mission  design 
exercise,  these  constraints  had  to  be  met,  as  well  as  constraints 
imposed  by  ground-track  separation.  Sun-synchronous,  exact  repeat 
orbits  that  satisfied  ground-station  overflights  (with  limited 
interference  by  other  Defense  Meteorological  Satellite  Program 
(DMSP)  satellites)  were  successfully  identified  (Mitchell  and 
Born,  1984;  Eisele  and  John,  1984). 

V.  SPACE  AND  TIME  SAMPLING 

The  U.S.  Navy  has  a  high  priority  need  for  an  eddy¬ 
resolving  ocean  monitoring  and  prediction  capability  in  support 
of  antisubmarine  warfare  (ASW).  Such  a  capability  will  be 
achieved  when  satellite-derived  SSH  topography  of  high  precision 
and  spatial/temporal  resolution  can  be  assimilated  into  computer 
models  of  the  ocean's  dynamics  and  thermodynamics.  With  recent 
improvements  in  hardware  and  in  geophysical  corrections. 
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precision  to  within  5  cm  is  achievable.  However,  the  limited 
spatial/temporal  sampling  resolution  of  previous  and  upcoming 
single-satellite  altimeter  systems  is  a  principal  concern  that 
must  be  addressed  with  improved  sampling  capabilities,  as  well  as 
with  improved  data  fusion  and  data  assimilation  techniques. 

With  present  satellite  systems,  such  as  GEOSAT,  Environmental 
Research  Satellite  (ERS-1)  and  Topography  Experiment  (TOPEX),  a 
single  instrument  obtains  a  nadir  sample  at  an  along-track 
separation  of  approximately  0.7  km.  Beam  size  in  a  roughened  sea, 
as  well  as  averaging  in  order  to  achieve  SSH  precision  of  5  cm, 
produces  an  effective  along-track  resolution  of  about  7  km.  Since 
tactically  significant  eddies  are  those  with  diameters  of  25  km 
Greenland-Iceland-Norwegian  Sea  (GIN  Sea)  to  150  km  (Gulf  Stream), 
the  along-track  resolution  and  precision  are  sufficient.  However, 
cross-track  spatial  and  temporal  resolution  are  both  insufficient 
for  complete  coverage.  The  tradeoffs  between  space  and  time 
coverage  using  a  single  beam,  single  satellite  are  such  that  both 
needs  cannot  be  fulfilled  at  a  100%  level  without  resorting  to 
additional  measurements. 

At  a  nominal  altitude  of  800  km,  satellite-borne  altimeters 
orbit  the  earth  at  the  rate  of  about  14.3  revolutions  per  day. 

At  midlatitudes  this  produces  a  daily  track  separation, 
considering  both  ascending  and  descending  tracks,  of  nominally 
1200  km.  Under  this  scenario,  then,  it  would  take  about  8  to  12 
days  to  produce  a  sampling  grid  capable  of  marginally  locating  Gulf 
Stream  size  eddies,  and  up  to  48  days  to  resolve  a  GIN  Sea  eddy. 


But  in  th:-  8  to  48-day  window,  the  eddies  migrate  from  25  km  to 
over  300  km  away  from  their  initial  point,  and  the  resulting 
picture  from  this  nonsynoptic  sampling  scheme  creates  a 
distorted  version  of  mesoscale  features. 

This  difficulty  is  somewhat  ameliorated  because  the  smaller 
eddies  typically  occur  at  higher  latitudes  where  cross-track 
spacing  is  tighter.  The  problem,  however,  is  not  completely 
satisfied  by  a  single  altimeter.  In  order  to  produce  an 
operational  product  during  GOAP  (see  Appendix)  altimeter  data  from 
GEOSAT  was  supplemented  by  AVHRR .  Based  upon  this  experience,  the 
relative  contributions  to  the  final  product  as  derived  from  AVHRR, 
altimetry  and  analyst  estimates  (guesses)  were  about  one-third 
each.  AVHRR  is  not  consistently  available  due  to  cloud  cover  and 
is  suitable  for  detection  only,  not  for  direct  assimilation  into 
models . 

Since  the  space  and  time  coverage  of  satellite  altimeters  is 
necessarily  sequential,  and  since  microwave  radars  are  incapable 
of  directly  monitoring  subsurface  structure,  modeling  techniques 
have  been  sought  that  incorporate  sequential  surface  data  into 
numerical  ocean  dynamic  models.  Data  assimilation  techniques, 
first  used  in  an  equivalent  context  for  meteorology,  show  promise 
in  covering  unsampled  areas,  as  well  as  in  recreating  subsurface 
structure  from  surface  data.  But  how  well  can  these  techniques 
substitute  for  measurements?  Definitive  studies  are  lacking-  - 
partly  due  to  the  rapid  developments  in  this  area;  however,  some 
indications  are  available. 
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Using  the  results  of  a  North  Atlantic  three  layer  model  as 
ground  truth  and  sampling  the  model  SSH  as  if  an  altimeter 
satellite  were  flown  with  repeat  orbits  of  3,  10,  17  and  29  days, 
Verron  (1990)  studied  assimilation  efficiency  by  comparing  the 
time  evolution  of  the  modeled  ground  truth  against  assimilation. 
The  10-  and  17-day  repeat  orbits  gave  the  best  results  for 
capturing  the  midlatitude  jet  circulation  and  mesoscale 
variability,  with  root  mean  square  variability  between 
assimilation  and  ground  truth  reduced  to  35%  -  40%  of  the 
initial  uncorrelated  state.  This  crudely  suggests  that  the 
combination  of  a  single  altimeter  with  assimilation  techniques  can 
provide  about  65%  of  the  required  information.  While  modeling 
techniques  can  improve  our  ability  to  interpolate,  it  cannot  be 
expected  to  replace  real  measurements. 

During  1991,  a  Gulf  Stream  nowcast/forecast  system  based 
upon  the  GEOSAT  altimeter  and  infrared  (IR)  analyses  coupled  to  a 
realistic  primitive  equation  (PE)  circulation  model  of  the 
Northwest  Atlantic  will  be  placed  into  Navy  operations  at  both  the 
Naval  Oceanographic  Office  (NAVO)  Operational  Oceanographic  Center 
( OOC )  and  Fleet  Numerical  Oceanographic  Center  (FNOC).  Within  the 
next  several  years,  an  analogous  system  for  the  entire  North 
Pacific  basin  (at  regional/tactical  scale  resolution)  will  be  fully 
developed.  These  systems  provide  for  direct  coupling  of  ocean 
mesoscale  altimetric  information  to  range-dependent  PE  acoustic 
model  runs.  Simulations  are  planned  to  include  a  full  examination 
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of  the  mission  design  options  and  requirements  and  their  resultant 
impact  on  acoustic  products.  The  following  will  be  simulated: 

(1)  orbit  selection  (repeat  periods,  effects  of  non-repeat 
orbits  and  various  orbital  inclinations), 

(2)  single  vs.  mul t i sa t e 1 1 i te  vs.  multibeam  altimeter 
missions  (i.e.,  sampling  strategies), 

(3)  precision  requirements  for  measurement  of  surface 
topography  ( SSH ) , 

(4)  accuracy  requirements  for  measurement  of  SSH, 

(5)  requirements  for  other  environmental  corrections  (e.g., 
ionosphere/water  vapor),  and 

(6)  timeliness  requirements  and  impact  on  operational 
products . 

In  order  to  maximize  altimetry  data  exploitation,  these  analysis 
and  prediction  systems  should  be  incorporated  into  the  system 
design . 

It  has  been  suggested  that  a  multibeam  altimeter  would 
improve  the  space/time  resolution  problem.  Brown  et  al.  (1989) 
show  that  a  pure  multiple  beam  system  (independent  measurements 
for  each  beam)  is  feasible,  with  some  restrictions  and  limitations. 
At  a  satellite  altitude  of  800  km,  a  three-beam  system  was 
suggested,  with  a  nadir  beam  and  one  beam  on  each  side  of  the 
flight  direction  at  a  50  km  ground-track  separation.  Wider 
separation  would  involve  flying  the  satellite  at  a  higher 
altitude  in  order  to  achieve  the  same  5-crc  level  of  precision. 

It  should  be  noted  that  the  off-nadir  samples  would  not  provide 
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information  on  wind  speed  and  wave  height.  It  is  possible, 
however,  that  off-nadir  beams  may  provide  additional  sea  ice 
information.  Some  interesting  opportunities  may  exist  with  off- 
nadir,  polarized  beams-  -  it  is  suggested  that  Naval  Research 
Laboratory  ( NRL )  examine  this  problem. 

Figure  2  shows  the  sampling  pattern  for  three  single-beam 
altimeters,  with  cross-track  separation  of  50  km.  This  coverage 
pattern  is  similar  to  a  three-beam  altimeter  and  is  sufficient  for 
discussion  purposes.  In  figure  2  shows  3  days  of  GEOSAT's  17  day 
repeat  orbit.  This  characteristic  3-day  near-repeat  orbit 
( GEOS AT  &  ERS-1  contain  this  near-repeat  pattern)  can  be  used  to 
discuss  spatial/temporal  coverage  of  longer  repeat  periods.  Over 
each  subsequent  3  days,  the  pattern  will  be  repeated,  but  shifted 
to  the  east.  In  this  case,  the  shift  will  be  about  125  km  in  the 
midlatitudes,  so  that  ocean  coverage  to  approximately  50  to  60-km 
spatial  resolution  can  be  made  with  the  entire  17-  day  pattern. 

A  50-km  cross  track  separation  is  sufficient  to  adequately 
resolve  most  Gulf  Stream  size  eddies  and  Gulf  Stream  size  frontal 
distortions.  Furthermore,  additional  information  about  eddy  and 
frontal  characteristics  can  be  obtained  from  a  multibeam  system 
that  can  not  be  discerned  from  a  single  beam  altimeter.  These 
characteristics  include  size,  amplitude,  and  swirl  velocity,  as 
well  as  higher  precision  location.  Better  estimates  of  surface 
current  velocity  can  also  be  obtained  at  stream  crossings,  since 
local  bending  of  the  fronts  can  be  derived.  These  characteristics 
can  be  determined  only  with  simultaneous  measurements,  such  as 
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obtained  with  a  multibeam  system. 

However,  figure  2  also  demonstrates  that  the  same  spatial 
sampling  problem  occurs  as  with  single  beam  altimeters.  The 
large  diamond-shaped  areas  are  empty  of  measurements  on  an 
operational  time  window  and  will  only  non-synoptically  be  filled 
in.  Deployment  of  a  single  multibeam  altimeter  will  basically 
provide  additional  and  improved  information  close  to  the  nadir 
point,  but  will  not  significantly  help  in  the  large  scale  synoptic 
sampling  problem.  In  cases  of  basin  scale  assimilation  into 
models,  the  single  multibeam  altimeter  will  not  be  as  effective  as 
multiple  single-beam  altimeters  flying  at  better  spacing.  Even  for 
the  mesoscale,  several  single-beams  with  complementary  groundtrack 
coverage  could  provide  more  synoptic  coverage  over  a  regional 
domain  than  a  single  multibeam. 

Although  the  best  scenario,  from  a  strictly  sampling  point 
of  view,  would  involve  multiple  multibeam  altimeters,  the  cost 
and  feasibility  of  such  a  system  may  soon  be  prohibitive  future. 
Multiple  satellites  with  single-beam  altimeters  can  provide  more 
uniform  coverage  in  space  and  time.  As  an  example  of  alternative 
schemes,  consider  three  single-beam  satellites,  phased  to  fly 
adjacent  orbits  with  7-day  repeats  at  an  inclination  of  about  98 
degrees.  At  40  degrees  latitude,  the  paths  would  be  about  100  km 
apart.  Considering  both  ascending  and  descending  tracks,  the 
cross-track  sample  spacing  would  nominally  be  50  km,  an  adequate 
midlatitude  mesoscale  coverage.  As  an  additional  advantage,  the 
adjacent  paths  would  be  convergent  at  higher  latitudes  where  eddy 
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at  65  degrees  latitude 


si2e  scales  also  become  smaller;  e.g., 

( I celand/Fae r oe s  Front)  the  sample  spacing  would  reduce  to 
nominally  28  km  (in  contrast,  the  multibeam  altimeter  track 
separation  remains  constant).  In  this  scenario,  one  of  the 
satellites  might  carry  precise  orbit  determination  equipment  (refer 
to  Section  VI)  and  the  other  two  orbits  laid  down  by  adjustment  at 
cross-over  points  with  the  precise  orbit  satellite. 

Many  such  scenarios  exist.  Care  should  be  taken  to  design 
orbits  such  that  fusion  of  different  data  types  from  different 
satellites  can  be  optimized.  Orbit  repeats  of  3  to  35  days  are 
optimum  for  general  operational  time  scales,  but  this  depends 
heavily  on  concurrent  measurements  from  other  sources.  Better 
definitions  of  sampling  strategies  will  come  from  current  programs. 

VI.  ACCURACY/RADIAL  ORBIT  DETERMINATION 

Although  measurements  of  sea  ice,  Significant  Wave  Height 
( SWH )  and  wind  speed  are  important  to  the  full  complement  of  Navy 
operational  products,  measurements  of  SSH  are  given  the  highest 
priority  for  satellite  radar  altimeters.  Fundamental  to  the 
determination  of  SSH,  however,  is  the  accuracy  of  the  altimeter 
system  ;.n  measuring  absolute  sea  level  (the  height  of  the  ocean 
surface  relative  to  an  earth  reference  ellipsoid).  It  should  be 
noted  that  absolute  sea  level  contains  contributions  from  SSH, 
tides,  and  the  marine  geoid. 

Accuracy  specifications  have,  unfortunately,  suffered  from 
somewhat  ambiguous  definitions.  A  common  definition  specifies 
accuracy  as  the  ability  of  the  altimeter  to  measure  the  distance 
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between  it  and  the  surface  of  the  ocean.  This  definition  of 
accuracy  takes  into  account  the  speed  of  signal  transmission,  the 
nature  of  the  reflecting  surface  and  the  ability  to  time  the 
echo.  However,  it  does  not  account  for  uncertainty  in  the 
satellite's  position.  Providing  a  realistic  accuracy 
specification  for  SSH  products  (rather  than  "altimeter"  accuracy) 
demands  that  the  specification  include  radial  orbit  uncertainty, 
since  this  is  the  major  contributor  to  SSH  error. 

Tracking  during  the  GEOSAT-ERM  gave  a  radial  orbit 
uncertainty  of  approximately  2  m  over  the  Northwestern 
Atlantic.  This  level  of  uncertainty  is  greater  than  the  SSH 
signals  of  interest.  Fortunately,  the  dominant  error  comes  from 
a  once  per  revolution  "bounce"  of  the  satellite,  with  the  error 
falling  off  rapidly  at  higher  harmonics,  various  methods  of 
removing  the  long  wavelength  error,  such  as  tilt  and  bias 
removal,  were  successfully  applied  in  order  to  retrieve 
ocean  SSH  signals  with  wavelengths  of  less  than  a  few  hundreds  of 
kilometers.  However,  basin  scale  (10,000  km)  SSH  topography  is 
also  removed;  hence,  circulation  applicable  to  global  and 
basin  scale  models  cannot  be  calculated. 

It  is  recommended  that  advanced  tracking  techniques  be 
investigated  for  future  altimeter  systems.  In  addition  to  the 
Global  Positioning  Satellite  (GPS)  system,  the  French  DORIS  and 
the  ESA  PRARE  are  capable  of  tracking  to  the  decimeter  level.  A 
collaborative  experiment  between  NOARL  and  the  Rutherford  Appleton 
Laboratories  in  the  UK  showed  possibilities  of  using  an  unmanned 
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undertrack  altimeter  transponder  for  tracking  to  +3  cm  in  vertical 
positioning  (COMPASS  Experiment). 

VII.  JOINT  PROGRAMS 

A.  External 

In  the  coming  decade  a  number  of  oceanographic  satellites 
with  altimeters  as  part  of  the  instrument  payload  are  scheduled 
to  be  flown  by  non-DOD  agencies  and  by  foreign  countries  (e.g., 
ERS  and  TOPEX/POSEIDON ) .  It  should  be  expected  that  this  global 
interest  in  remote  sensing  will  continue  into  the  Block  6  time 
frame.  It  is  recommended  that  these  satellites  should  be 
exploited  for  naval  interests  and  that  scheduling  of  DOD 
satellites  should  at  least  account  for  the  presence  of  external 
satell i tes . 

B .  DOD. 

Altimeters  are  becoming  smaller  in  size,  and  power 
requirements  are  decreasing.  It  can  be  expected  that  major 
improvements  in  both  areas  will  continue  into  the  Block  6  time 
frame.  For  this  reason,  it  will  be  highly  feasible  to  include 
altimeters  on  polar-orbiting  satellites  without  disruption  of  the 
primary  missions. 

VIII.  SEA  ICE 

In  addition  to  detecting  and  monitoring  ocean  mesoscale 
activity,  it  is  important  to  note  that  meeting  future  naval 
tactical  and  strategic  performance  goals  will  require  enhanced 
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!  capabilities  of  sea-ice  monitoring.  In  this  respect,  the 

|  altimeter  proved  to  be  an  exceptionally  useful  all-weather 

instrument.  The  all-weather  capability  is  critical,  particularly 
|  in  polar  and  subpolar  regions  where  ice  and  ocean  meet  and  cloud 

cover  is  predominant.  During  the  GOAP  program,  sea  ice  locations 
|  were  generated  along  satellite  nadir  tracks.  These  locations 

were  operationally  transmitted  to  the  Navy  Polar  Oceanography 
Center  ( NPOC ) ,  where  they  were  incorporated  into  ice  edge  maps  of 
|  the  polar  regions  (Hawkins  and  Lybanon,  1989). 

The  presence  of  sea  ice  can  be  determined  by  the  strength 
|  and  shape  of  the  returned  altimeter  signal.  Over  sea  ice,  this 

i  echo  will  be  much  more  peaked  than  over  the  ocean.  Simple 

parameters,  such  as  the  Automatic  Gain  Control  (AGC)  and  Voltage 
|  Proportional  to  Attitude  (VATT),  which  are  generated  for 

engineering  purposes,  were  used  to  determine  this  peakiness  with 
|  little  additional  effort.  Although  the  contrast  between  sea  ice 

and  ocean  returns  of  AGC  and  VATT  can  clearly  be  used  to  identify 
'  the  ice  edge,  strong  variability  of  these  parameters  and  of  the 

|  waveform  itself  has  indicated  that  there  is  a  much  larger 

potential  for  recovering  additional  sea  ice  information  in  an 
operational  setting. 

Studies  (Fetterer  et  al.,  1990)  have  shown  that  even  the 
simple  AGC  and  VATT  variations  over  sea  ice  off  East  Greenland 
j  can  be  used  to  distinguish  meridional  banding  of  the  marginal  ice 

zone,  pack  ice,  and  fast  ice.  In  addition,  advanced  analysis 
techniques  (Chase  and  Holyer,  1990)  applied  to  the  waveforms  have 
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demonstrated  good  possibility  of  recovering  ice  coverage  and  ice 
type.  Sensor  Data  Records  from  future  altimeters  should  be 
designed  to  include  simple  parameterization  of  the  waveforms  for 
maximum  extraction  of  sea  ice  information. 

The  relatively  poor  between-track  resolution  of  satellite 
altimetry  is  a  serious  disadvantage  to  monitoring  sea  ice  with  a 
single  instrument.  However,  this  is  mitigated  in  several  ways. 

In  an  operational  time  frame,  altimetry  has  been  fused  with  AVHRR 
(cloud  contamination  problems)  and  passive  microwave  (limited 
resolution)  to  provide  a  synoptic  picture  of  the  ice.  Although 
sea  ice  measurements  are  limited  to  altimeter  nadir  positions,  in 
polar  latitudes  the  convergence  of  ground  tracks  is  such  that 
horizontal  resolution  between  tracks  decreases  considerably.  In 
addition,  multiple  altimeter  satellites  soon  will  provide  greatly 
enhanced  coverage  and  additional  opportunities  to  examine  this 
underutilized  resource  for  sea  ice  monitoring.  Furthermore,  it 
should  be  noted  that  the  requirement  for  repeat  orbits  is  not  a 
necessary  factor  in  sea  ice  sampling,  except  for  the  determination 
of  freeboard. 

To  more  effectively  exploit  the  altimeter's  ability  to  monitor 
sea  ice,  it  will  be  important  to  fly  the  satellite  to  higher 
latitudes  than  those  reached  by  the  orbital  inclination  of 
SEASAT/GEOSAT .  At  108  degrees  inclination  (72  degrees  latitude) 
the  GEOSAT  altimeter  could  cover  only  the  very  southern  parts  of 
the  Chukchi,  Beaufort,  East  Siberian  and  Kara  Seas,  and  along  the 
East  Greenland  Coast  to  Davy  Sound.  The  major  portions  of  these 
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seas,  as  well  as  the  Fram  Strait  and  the  principal  ice-covered 
portions  of  the  Barents  Sea  were  unsampled.  In  contrast,  the 
European  Space  Agency  (ESA)  satellite,  ERS-1,  will  have  an 
inclination  of  98.5  degrees  (81.5  degrees  latitude).  By  flying  at 
a  higher  inclination,  ERS-1  will  have  the  ability  to  sample  these 
areas . 

To  better  monitor  sea  ice  in  strategically  and  tactically 
important  areas,  it  will  be  necessary  to  fly  at  higher  orbital 
inclinations  than  maintained  by  SEASAT/GEOSAT .  However, 
with  higher  inclinations,  the  accurate  monitoring  of  western 
boundary  currents  (Gulf  Stream  and  Kuroshio  Extension)  will  be 
somewhat  compromised.  With  low  orbital  inclinations,  such  as 
maintained  by  TOPEX/POSEIDON  (63  degrees),  the  ascending  and 
descending  ground- tracks  are  nearly  orthogonal  at  midlatitudes. 
This  means  that  both  meridional  and  zonal  components  of  the 
currents  will  be  resolved.  In  contrast,  the  ascending  and 
descending  ground  tracks  of  ERS-1  are  not  orthogonal,  and  the 
meridional  component  of  current  will  be  poorly  resolved  (although 
total  transport  measurements,  as  well  as  the  ability  to  locate 
rings,  will  be  basically  unaffected). 

There  is  a  tradeoff,  then,  in  selecting  orbital  inclinations 
that  enhance  monitoring  of  sea  ice  and  those  which  enhance 
monitoring  western  boundary  currents.  A  compromise  can  be 
reached  with  multiple  altimeters  of  different  repeat  periods  as 
well  as  different  orbital  inclinations.  Again,  it  will  be 
necessary  to  simulate  various  scenarios  to  optimize  sampling 
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strategies . 


IX.  GEOPHYSICAL  CORRECTIONS 

If  we  define  altimeter  precision  as  the  ability  to  repeat  a 
measurement,  given  the  same  environmental  conditions,  then  a  5-cm 
precision  level  can  probably  be  accomplished  without  difficulty. 
However,  since  we  are  also  concerned  about  accuracy--  the  ability 
to  obtain  absolute  values--  then  the  whole  area  of  geophysical 
corrections  must  be  given  some  serious  attention.  Improvement  in 
corrections  for  atmospheric  water  vapor  content,  ionospheric 
effects,  and  electromagnetic  bias  are  needed  to  accurately 
establish  the  ocean  topography  with  respect  to  a  reference  surface. 
Furthermore,  improvements  in  corrections  for  ocean/earth  tides  and 
atmospheric  pressure  loading  are  needed  to  properly  interpret  the 
ocean  topography  in  terms  of  dynamics.  In  the  application  of  a 
systems  approach,  all  geophysical  corrections  leading  to  the 
accuracy  of  the  final  product  need  attention  before  significant 
improvements  can  be  achieved.  The  design  and  funding  of  future 
systems  must  consider  corrections  as  important  components  of  the 
system . 

A.  Wet  Tropospheric  Correction 

Intervening  atmospheric  water  vapor  will  tend  to  lengthen 
the  measured  range  between  the  satellite  altimeter  and  the  ocean 
surface.  This  makes  it  possible  for  horizontal  gradients  in 
atmospheric  water  vapor  content  to  be  misinterpreted  as  oceanic 
SSH  signals  or  causes  oceanic  SSH  signals  to  be  masked  or 
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disoriented.  On  the  global  scale,  Menaldo  (1990)  found  that  for 
altimeter-derived  mesoscale  circulation  features  of  10  cm  or 
greater,  water  vapor  is  not  generally  a  problem.  Phoebus  and 
Hawkins  (1990),  however,  used  near  coincident  SSM/l-dete rmined 
water  vapor  measurements  to  estimate  range  corrections  to  GEOSAT 
altimetry  in  the  Northeast  Pacific.  Range  corrections  of  15  to  20 
cm  over  horizontal  distances  of  100  to  250  km  were  often  found, 
which  significantly  altered  the  synoptic  picture  of  mesoscale 
activity  in  this  region.  Timeliness  of  the  water  vapor  data  was  of 
major  concern,  since  the  water  vapor  fields  were  associated  with 
rapidly  moving  atmospheric  fronts.  Using  water  vapor  data  too  far 
removed  in  time  from  the  altimeter  signals  tended  to  introduce 
false  signals  into  the  SSH  fields.  To  compensate  for  significant 
water  vapor  changes  over  small  horizontal  scales,  it  is  strongly 
recommended  that  a  bore-sighted,  dual-channel,  microwave 
radiometer  be  included  on  all  satellite  altimeters. 

B.  Ionospheric  Corrections 

In  similar  fashion  to  the  problem  of  water  vapor,  the 
presence  of  free  electrons  and  ions  in  the  ionosphere  reduces  the 
propagation  speed  of  the  altimeter  signal,  lengthening  range 
measurements  between  satellite  and  ccean.  Because  of  its  large 
spatial  scale  and  because  models  are  reasonably  accurate,  the 
induced  error  has  a  lessened  impact  on  SSH  estimates.  However, 
inhomogeneous  and  rapidly  varying  ionospheric  conditions  associated 
with  magnetic  storms  and  solar  flares  can  contribute  5  to  10  cm  of 
error  anc.  should  be  taken  into  account  (Musman  et  al.,  1990). 
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C.  Electromagnetic  Bias 

Because  of  the  trochoidal  shape  of  ocean  surface  gravity 
waves,  the  relative  radar  cross  section  (strength  of  return)  of  a 
roughened  sea  surface  increases  below  mean  sea  level  (troughs  of 
waves)  and  decreases  above  it  (crests  of  waves).  Range 
measurements  of  satellite  altimeters,  then,  are  biased  toward  the 
wave  troughs,  rather  than  accurately  picking  up  the  mean  sea 
level.  In  addition,  a  tracker  bias  occurs  because  of  the 
difficulty  in  timing  the  leading  edge  of  the  pulse  over  a 
roughened  sea.  Corrections  to  these  biases  (Electromagnetic  bias) 
are  generally  made  as  a  percentage  of  the  measured  SWH  (7%). 
Theoretical  descriptions  and  experimental  measurements  have,  so 
far,  not  given  an  adequate  picture  of  this  effect  (Walsh  et  al . , 
1989).  At  small  sea  states,  the  correction  may  not  be  significant. 
However,  as  the  sea  state  increases,  the  error  may  become 
pronounced.  Comparisons  of  this  correction  with  in  situ 
measurements  have  shown  an  uncertainty  level  of  about  1.2%  of  SWH 
(Douglas  and  Agreen,  1983).  At  large  SWH,  this  becomes  very 
important,  especially  since  the  interaction  of  waves  with  strong 
currents  tend  to  alter  wave  height  on  the  same  horizontal  scale  as 
the  current  systems. 

D.  Tidal  Corrections 

Although  tides  in  midocean  are  relatively  small  and  fairly 
well  modeled,  evidence  is  accumulating  that  serious 
discrepancies  are  occurring  in  some  regions —  especially  in  those 
areas  associated  with  rapidly  changing  bottom  topography  and  in 
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those  areas  associated  with  the  conjunction  of  tidal  amphidromes 
from  different  basins.  Cartwright  and  Ray  (1990)  extracted  the 
M2  tide  (lunar  semidaily)  from  GEOSAT  data  and  determined  that 
differences  with  the  commonly  used  Schwiderski  model  of  10  to  20  cm 
were  not  unusual.  Pistek  and  Johnson  (1990)  found  that  sharp 
peaks  of  25  cm  in  tidal  corrections  over  the  Iceland/Faeroes 
Ridge  were  giving  false  indications  of  the  Iceland/Faeroes  Front 
(fig.  3).  It  is  recommended  that  improved  tidal  models  be 
generated  with  higher  resolution  ( Schwiderski ' s  model  gives  1 
degree  resolution  in  latitude  and  longitude)  and  with  the 
inclusion  of  tidal  data  extracted  from  GEOSAT. 

E.  Atmospheric  Pressure  Loading 

The  presence  of  an  excess  or  a  deficit  of  atmospheric  mass 
above  the  sea  surface  induces  an  inverse  response  of  sea  level 
which  can  imitate  (or  create)  ocean  dynamics.  A  relationship 
exists  of  1.01  cm  of  ocean  deflection  to  1  mbar  of  atmospheric 
pressure.  The  largest  atmospheric  pressure  fluctuations  of  40-50 
mbars  are  caused  by  low  pressure  systems  that  propagate  across 
oceans  with  local  time  scales  of  1  to  2.5  days,  creating  the 
potential  for  SSH  responses  of  40  to  50  cm.  However,  the  time  and 
space  scales  of  the  storms  are  important  to  initiating  a  full 
response  (Van  Dam  et  al . ,  1990),  and  it  is  unclear  how  much  of  a 
pressure  loading  correction  is  needed.  Considerably  more  effort 
in  both  theory  and  experiment  are  needed  to  properly  correct  this 
problem. 
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Figure  2:  Near-repeat  (3  day)  ground-track  pattern  of  three 
independent  altimeter  satellites.  At  the  equator  the  separation  is 
50  km  between  adjacent  tracks;  at  higher  latitudes,  where  eddy 
sizes  grow  smaller,  the  track  separation  also  decreases.  This  is 
in  contrast  to  a  multibeara  altimeter  with  constant  separation  of 
groundtracks .  Note  the  large  gaps  in  coverage  in  midlatitudes. 
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APPENDIX  A:  ACRONYMS 


AGC 

ASW 

AVHRR 

CNES 

DMSP 

DOD 

EM  bias 
ERM 
ERS1 
ESA 

GEOSAT 

GIN  Sea 

GOAP 

NASA 

NOARL 

NPOC 

NRL 

N-ROSS 

OLS 

PRARE 

SSH 

SSM/I 

SWH 

TOPEX 

VATT 


Automatic  Gain  Control 
Anti-Submarine  Warfare 

Advanced  Very  High  Resolution  Radiometer 
Centre  National  d'Etudes  Spatiales 
Defense  Meteoroloi cal  Satellite  Program 
Department  of  Defense 
Electromagnetic  bias 
Exact  Repeat  Mission 

European  Remote  Sensing  satellite  number  1 
European  Space  Agency 
Geodetic  Satellite 
Greenland/Iceland/Norwegian  Sea 
GEOSAT  Ocean  Applications  Program 
National  Air  and  Space  Administration 

Naval  Oceanographic  and  Atmospheric  Research  Laboratory. 

Naval  Polar  Oceanography  Center 

Naval  Research  Laboratory 

Naval  Remote  Ocean  Sensing  System 

Optical  Line  Scanner 

Precise  Range  and  range  Rate  Experiment 

Sea  Surface  Height 

Special  Sensor  Microwave  Imager 

Significant  Wave  Height 

Topography  Experiment 

Voltage  proportional  to  Attitude 
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ABSTRACT 

The  I  S.  Nave’s  GEOS-AT  active  microwave  altimeter  provides  detailed  oceanographic  and  atmospheric 
information.  It  measures  global  oceanic  wind  speeds  and  significant  wave  height,  sea  ice  edge  in  the  polar  regions, 
and  dynamic  topography  related  to  mesoscale  ocean  circulation  The  Naval  Ocean  Research  and  Development 
Activity  processed  near-real-time  GEOSAT  data  to  monitor  oceanic  processes  from  July  1 4$  5  to  January  14S4 
We  found  that  the  combination  of  topographic  information  from  GEOSAT.  synoptic  sea-surface-temperature 
information  from  infrared  imagery.  and  local  information  from  bathythermographs  provides  valuable  information 
on  Gulf  Stream  circulation.  The  size  of  the  area  involved,  the  intensity  of  currents,  and  the  rapidity  with  which 
changes  occur  previously  limited  our  technical  ability  to  observe  the  Gulf  Stream  and  its  attendant  spin-off 
eddies.  Long-term  study  with  the  information  sources  described  above  has  given  a  more  complete  picture  of 
the  Gulf  Stream  region  's  mesoscale  circulation  than  ever  before  achiev  ed. 


1.  Introduction 

The  Naval  Ocean  Research  and  Development  Ac¬ 
tivity  (  NORDA:  since  10  October  1989.  NORDA  has 
been  the  Naval  Oceanographic  and  Atmospheric  Re¬ 
search  Laboratory)  routinely  prepared  an  analysis  of 
metoscale  ocean  features  in  the  northwest  Atlantic 
Ocean’s  Gulf  Stream  region  from  U.S.  Navy  GEOSAT 
(GEOdesy  SATellite)  altimeter  measurements,  infrared 
( IR )  imagery  ,  and  in  situ  temperature  data.  The  GEO¬ 
SAT  Ocean  Applications  Program  (GOAP)  provided 
the  mesoscale  analysis  and  three  other  types  of  alti¬ 
meter-derived  oceanographic  information  on  a  regular 
schedule  for  over  3  years.  July  1985-January  1989. 
following  several  years  of  preparation.  GOAP’s  purpose 
was  to  conduct  an  operational  demonstration  of  the 
altimeter’s  usefulness  to  collect  timely,  accurate  global 
environmental  data,  to  process  the  data  in  near  real 
time,  and  to  transmit  the  products  to  the  Navy's  Fleet 
Numerical  Oceanography  Center  (FNOC)  for  use  in 
routine  analysis  and  prediction  of  oceanographic  pa¬ 
rameters  (Clancy  1987).  As  an  operational  demon¬ 
stration  GOAP  was  effectively  a  feasibility  study,  in 
which  NORDA  derived  oceanographic  information 
from  GEOSAT  altimetry  and  transmitted  the  results 
to  a  Navy  operational  environmental  center  on  a  quasi- 
operational  schedule. 

Altimetry  is  not  as  severely  hampered  by  cloud  cover 
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as  IR  imagery,  and  it  also  measures  oceanographic 
phenomena  which  have  no  surface  thermal  expression. 
The  topographic  information  that  the  altimeter  pro¬ 
vides  can  be  used  to  detect  oceanographic  features 
whose  surface  thermal  signatures  arc  masked  by  at¬ 
mospheric  effects  (e.g..  water  vapor)  or  covered  by 
clouds.  Another  source  of  difficulty  with  IR  imagery  is 
that  the  warming  of  the  ocean's  surface  layer  during 
spring  and  summer  tends  to  obscure  cold-core  rings 
south  of  the  Gulf  Stream.  Altimeter  measurements  fre¬ 
quently  increase  the  amount  of  detail  in  mesoscale 
analyses  when  they  are  used  to  supplemeni  IR  imagery 
as  an  information  source.  NORDA  produced  two  me¬ 
soscale  analyses  per  week  during  GOAP.  The  GOAP 
mesoscale  analyses  were  incorporated  into  the  FNOC 
system  ( Clancy  1987)  and  provided  to  a  Navy  regional 
oceanographic  center. 

GOAP  also  provided  daily  global  information  on 
surface  wind  speed  and  significant  wave  height,  and 
sea  ice  edge  in  both  the  Arctic  and  Antarctic  regions. 
All  three  of  these  "product"  types  have  substantially 
increased  the  amount  of  information  available  to  the 
Navy  on  these  oceanographic  parameters.  GEOSAT 
only  has  one  ground  station,  which  restricts  the  number 
of  times  per  day  data  can  be  received.  This,  in  turn, 
severely  limits  the  quantity  of  wind  and  wave  data 
timely  enough  to  be  used  in  FNOC  analyses.  However, 
retrospective  studies  have  shown  that  the  information 
has  the  potential  to  be  of  value  ( eg..  Pickett  et  al  NS" ). 
The  sea  ice  edge  information  produced  has  been  used 
routinely  (  Hawkins  and  Lybanon  NS1?).  This  paper 
describes  the  production  of  all  four  tv  pcs  of  oceano¬ 
graphic  information  from  GEOS-X  f  altimetry .  but  will 
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concentrate  primarily  on  mesoscale  feature  analysis. 
The  latter  sections  of  the  paper  discuss  interpretive 
techniques,  give  examples  of  the  information  that  al- 
timetry  contributes  to  the  analysis,  and  present  some 
conclusions  drawn  from  the  3-year  GOAP  analysis  re¬ 
sults.  In  particular,  section  5b  gives  Gulf  Stream  po¬ 
sition  information  derived  from  the  GOAP  mesoscale 
analyses. 

2.  Background 

GEOSAT  was  built  by  the  Johns  Hopkins  Applied 
Physics  Laboratory  (  APE  )  and  launched  on  12  March 

1985.  into  an  80()-km  altitude.  108-degree  inclination 
orbit.  The  initial  orbit  generated  a  ground  track  pattern 
that  almost  repeated  every  3  days,  and  had  an  average 
ground  track  spacing  of  4  km  at  the  equator  by  the  end 
of  the  18-month-long  primary  mission  (  McConathy 
and  kilgus  1087  ).  The  satellite  carries  a  single  instru¬ 
ment.  a  13.5  GHz  nadir-looking  radar  altimeter  similar 
to  the  SEASAT  altimeter  in  its  mechanical,  thermal, 
and  electrical  interfaces,  but  with  some  engineering 
changes  intended  to  extend  its  lifetime  and  reduce  its 
noise  level  (  MacArthur  et  al.  1087  ). 

GEOSAT's  primary  mission  was  to  provide  the 
dense  global  grid  of  altimeter  data  required  to  improve 
knowledge  of  the  earth's  gravitational  held.  Collection 
of  altimeter  data  for  oceanographic  and  meteorological 
investigations  was  the  secondary  mission  during  the 
first  18  months  of  GEOSAT.  but  it  became  the  primary 
mission  thereafter.  The  Oceanographer  of  the  Navy 
formulated  GOAP.  an  oceanographic  analysis  pro¬ 
gram.  to  increase  the  overall  value  of  the  GEOSAT 
data.  After  over  3  years  of  successful  operation. 
NORDA  transitioned  GOAP  to  operational  status  at 
the  Naval  Oceanographic  Office  (NAVOCE.ANO). 

On  I  October  1986.  APL  began  maneuvers  that 
placed  the  spacecraft  into  a  17-day  exact  repeat  orbit 
optimized  for  collecting  oceanographic  data.  The  sub¬ 
sequent  GEOSAT  Exact  Repeat  Mission  (  ERM  )  was 
designed  so  that  long-term,  along-track  averaging  could 
give  an  accurate  local  mean  sea  surface,  and  minimize 
the  errors  that  occur  when  an  imperfectly  known  ma¬ 
rine  geoid  is  subtracted  from  the  altimeter  data  to  pro¬ 
duce  mesoscale  dynamic  topography.  The  ascending 
nodes  of  the  exact  repeat  orbit  are  approximately  at 
1.004  -  n I  1.4754  )CE  longitude,  where  n  is  an  integer 
between  0  and  243.  Thus,  the  ground  track  is  a  network 
that  repeats  every  244  revolutions,  with  a  spacing  of 
about  120  km  in  the  Gulf  Stream  region.  The  orbit  is 
adjusted  as  necessary  to  maintain  this  pattern  laterally 
within  less  than  I  km.  The  ERM  began  on  8  November 

1986. 

3.  GOAP  processing 

a  Daui  sY'iicm 

The  altimeter  transmits  1020  pulses  per  second  and 
measures  the  return  waveforms.  Averaging  aboard  the 
spacecraft  reduces  the  data  rate  by  a  factor  of  100.  so 


measurements  are  transmitted  to  the  ground  at  a  rate 
of  approximately  10  per  second.  The  APL  ground  sta¬ 
tion  receives  the  data  approximately  every  12  hours 
and  produces  NORDA  Data  Records  I  NDRs  I.  which 
contain  measured  range,  significant  wave  height,  wind 
speed,  and  automatic  gain  control  (all  except  wind 
speed  at  a  1 0-per-second  rate),  plus  mode  and  data 
quality  flags,  and  corrections  for  satellite  and  instru¬ 
ment  errors.  APE  promptly  transmits  the  NDRs  to 
NORDA  liver  a  9600-baud  dedicated  telecommuni¬ 
cation  circuit.  During  GOAP  NORDA  derived  ocean¬ 
ographic  products  from  the  NDR  data  and  transmitted 
them  to  FNOC  over  a  similar  circuit,  using  the  standard 
Data  Exchange  Formats  endorsed  by  the  Federal  Co¬ 
ordinator  for  Meteorological  Services  and  Supporting 
Research  (US.  Dept,  of  Commerce.  NO  A  A.  I4N2  i. 

Both  telecommunication  links  used  onio-baud. 
dedicated  telephone  lines  but  different  communication 
protocols.  The  NORDA- APE  line  used  an  IBM  binary 
synchronous  protocol  with  line  control  software  written 
by  APL.  The  hardware  interface  was  based  on  the 
Gould  Systems  Engineering  Laboratories  Model  lM  in 
Binarv  Svnchronous  Line  Interface  Module.  I  he 
NORDA-FNOC  line  used  the  \  25  protocol.  NOR- 
DA's  computer  was  interfaced  to  that  line  via  a 
ComDesign  r.\-7()0  X.25  Packet  Assembler  Disas¬ 
sembler. 

NORDA's  GOAP  information  processing  system 
hardware  consisted  of  two  Gould  Systems  1  ngineenng 
Laboratories  32/2"’  32-bit  minicomputers  with  asso¬ 
ciated  peripherals,  including  International  Imaging 
Systems  ( I  :S )  image  processing  hardware.  1  he  software 
had  four  types  of  elements:  communications  and  tile 
management,  real-time  processing,  objective  process¬ 
ing,  and  interactive  processing. 

The  first  element  performed  line-control  functions 
for  the  two  data  links  and  transferred  tiles  between  disks 
and  the  telecommunication  lines.  The  second  produced 
the  scalar  wind,  significant  wave  height,  and  ice  edge 
products.  The  third  involved  such  functions  as  earth 
location,  land  sea  determination,  bad  point  editing  and 
averaging,  geophysical  corrections,  height  residuals 
calculation,  etc.  The  fourth  covered  operations  used  in 
the  subjective  generation  of  the  mesoscale  product 
(discussed  in  a  later  section).  That  element  was  pri¬ 
marily  comprised  of  US  System  5~5  software,  a  pro¬ 
prietary  interactive  command  interpreter  with  an  as¬ 
sociated  image  processing  library  designed  to  operate 
with  US  Model  "5  hardware. 

Quality  control  was  an  important  part  of  the  pro¬ 
cessing  to  derive  the  oceanographic  products.  Some 
quality -control  tests  checked  "flags."  i  .e..  one-bit  in¬ 
dicators.  The  NDR  contains  two  types,  mode  (lags  and 
data  quality  Hags.  A  mode  word,  made  up  of  three 
status/mode  words  from  the  spacecraft  s  telemetry 
stream,  contains  the  mode  flags,  which  indicate  the 
altimeter's  operational  status,  details  about  its  acqui¬ 
sition  of  the  return  signal,  etc.  The  data  quality  tlagword 
contains  the  results  of  tests  pei formed  during  ground 
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processing  at  APL.  which  determine  the  statistics  and 
'  reasonableness"  of  measured  and  calculated  quantities 
(Cole  1  vS5 ). 

The  quality  control  checks  that  were  performed  for 
all  products  are  status  (lag.  mode  word,  missing  data, 
and  time  checks. 

Status  tint;  check.  Each  GEOSAT  record  (approxi- 
m  itelv  5  s  of  data  )  in  the  NDR  has  an  associated  status 
(lag,  winch  tells  whether  the  data  have  been  received 
b>  APE.  and  whether  the  data  have  been  sent  to 
NORDA.  (The  NDR  is  a  direct-access  hie.  which  is 
not  necessarily  filled  in  time  order.) 

Made  word  check.  Each  GEOSAT  subrecord  (ap¬ 
proximately  1  seeond  of  data  (contains  the  mode  word 
described  above.  Data  were  considered  good  when  the 
flags  indicated  that  GEOSAT  was  in  the  proper  oper¬ 
ational  mode  and  valid  data  was  received. 

Missinx  data  check  The  data  quality  flagword  in 
each  subrecord  consists  of  27  flags.  The  flags  were 
checked  for  the  presence  or  absence  of  height,  signifi¬ 
cant  wave  height,  and  automatic  gain  control  (  AGC) 
values. 

Time  check.  Each  NDR  contains  data  for  I  day, 
nominally  to  within  less  than  a  second.  The  NDR  pro- 
v  ides  tw  o  sets  of  time  tag  data,  which  are  used  to  com¬ 
pute  time  for  each  GEOSAT  subrecord.  The  time  per 
frame  was  obtained  by  differencing  the  two  time  tags. 
This  time  must  be  within  0.001  s  of  0.098  s  per  frame. 
If  the  0.001  s  variance  condition  was  met.  the  time  for 
the  start  of  day  of  the  NDR  was  computed  using  the 
start  frame  count.  The  start  time  had  to  be  within  60 
s  of  the  start  of  day  ( UTC )  for  the  NDR  to  be  processed. 

/>  Oceanographic  parameters 

I )  Scalar  w  ind  speed  and  significant  w  ave 

HEIGH  r 

The  change  in  the  microwave  signal's  surface  re¬ 
flectivity  due  to  the  wind-driven  surface  roughness 
provides  an  altimetric  estimate  of  surface  scalar  wind 
speed.  The  algorithm  emploved  at  APL  (  Brown  et  al. 
1981  )  is 

IT  =■  exp[(.V  -  B)/ A],  (  I  ) 

w  here 

.V  -=  10  l‘,';  "  (2) 

In  these  equations. 

If  wind  speed  at  10  meters  above  the  ocean  sur¬ 
face. 

n°  radar  backscatter  cross  section, 
f.  B  constants  for  3  different  a°  ranges. 

I  he  (j°  is  inferred  front  the  altimeter's  AGC  signal. 
The  complete  Brown  algorithm  is  a  two-stage  proce¬ 
dure.  Equations  (  I  )  and  (  2  )  define  the  first  stage.  The 


second  stage  calculates  an  improved  wind  speed  esti¬ 
mate.  a  fifth-degree  polynomial  function  of  the  ITgjven 
by  Eq.  (  1 ).  The  latter  calculation  compensates  for 
skewness  in  the  distribution  of  the  difference  values 
between  buoy-  and  altimeter-measured  wind  speed 
(Brown  et  al.  1981  ).  The  estimate  of  backscatter  is 
highly  sensitive  to  an  otf-nadir  pointing  error:  conse¬ 
quently.  such  an  error  would  corrupt  the  wind  speed 
estimate.  A  separate  calculation  corrects  bactGcau-r 
for  the  otf-nadir  pointing  error  (Cole  1985).  prior  to 
its  use  in  Eq.  (2).  That  calculation  makes  use  of  a 
parameter  called  V  A  TT.  which  is  described  in  the  ice 
index  discussion.  The  otf-nadir  correction  to  back¬ 
scatter  effectively  corrects  wind  speed  for  pointing  er¬ 
rors. 

The  reflecting  surface  modulates  the  transmitted 
pulse.  More  specifically,  ocean  waves  stretch  the  return 
waveform's  leading  edge,  so  that  its  slope  provides  an 
estimate  of  significant  wave  height  (SWH):  higher 
waves  produce  smaller  slopes.  The  SWH  calculation 
is  performed  aboard  the  GEOSAT  spacecraft  and  the 
results  are  transmitted  to  the  ground  station. 

APL  calculates  both  wind  speed  and  wave  height. 
During  GOAP  NORDA  edited  the  values  for  data 
quality,  averaged  the  wave  height  values  to  a  once-per- 
second  rate  (APL  supplies  wind  speed  at  that  rate), 
put  the  resulting  edited,  onee-per-seeond  wind  and 
wave  values  into  a  wind-wave  record,  and  transmitted 
them  to  FNOC.  FNOC  uses  the  GEOSAT  wind  speed 
data  in  their  manne  wind  analy  sis,  while  the  significant 
wave  height  data  are  an  input  to  the  FNOC  visual  sea 
height  analysis. 

Dobson  et  al.  (  1987)  compare  GEOSAT  wind  speed 
and  significant  wave  height  measurements  to  in  situ 
observations.  Their  overall  conclusion  is  that  the  wind 
speed  measurements  agree  within  1.8  m  s  1  and  wave 
height  measurements  agree  within  0.49  m.  Monaldo 
( 1 988 )  discusses  two  related  topics:  What  are  the  ex¬ 
pected  differences  between  buoy  and  altimeter  esti¬ 
mates  of  these  quantities,  and  w  hat  conclusions  can  be 
drawn  about  the  capacity  of  an  altimeter  to  measure 
them. 

NORDA  applied  several  special  data  quality  checks 
to  the  wind  speed  and  wave  height  values.  The  data 
quality  flagword  was  checked  for  height.  AGC.  and 
SWH  standard  deviations  out  of  bounds.  Also,  there 
was  a  check  of  the  "V  ATT  not  available"  flag.  These 
flags  indicate  problems  with  the  wind  or  wave  data  in 
the  subrecord.  A  least-squares  fit  of  a  straight  line  was 
performed  on  the  SWH  data  that  passed  the  prior  data 
quality  checks.  Then,  any  SWH  value  more  than  two 
standard  deviations  from  the  fitted  line  was  marked 
bad  in  the  processing  software's  internal  data  quality 
flags. 

2)  Se  x  ice  i  dgi 

The  return  pulses  from  sea  ice  have  a  significantly 
different  shape  than  returns  from  the  ocean  I  Eppler 
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1082).  Dwyer  and  Godin  (  1980)  developed  a  semi- 
empirical  algorithm  for  the  GEOS-3  altimeter  that 
measures  those  differences.  That  algorithm,  as  modified 
for  GEOS  AT.  is 

index  [(  100  +  AGC )/(  100  X  VATT  )].  (3) 

where 

AGC  autor.lv..:  :  j?.ir  control  signal. 

VATT  "voltage"  proportional  to  attitude  (dimen¬ 
sionless  ) 

VATT  =  [( ATTG 

-  ATTGE )/( AGCG  -  ATTGE)].  (4) 

and  the  intermediate  quantities  are  functions  of  the  60 
basic  return  pulse  waveform  samples  (the  sample  in¬ 
dexing  is  the  same  as  for  the  SEASAT  altimeter 
( MacArthur  1978 )] 

ATTG  mean  of  last  8  samples. 

ATTGE  mean  of  first  8  samples. 

AGCG  mean  of  center  48  samples  (not  including 
the  track  point  gate). 

This  “ice  index"  is  a  number  in  the  range  of  0.6-0. 7 
over  water  and  is  greater  than  1  over  ice.  ( That  thresh¬ 
old  is  based  on  a  prelaunch  simulation  that  used 
SF.ASAT  data.)  So,  water-ice  transitions  are  evident 
in  the  ice  index's  time  history. 

As  in  the  case  of  the  other  oceanographic  products, 
the  ice  products  are  based  on  I -second  average  values 
of  altimeter-derived  quantities.  NORDA  provided  al¬ 
phanumeric  ice  index  data  files  for  both  the  Northern 
and  Southern  hemispheres.  In  addition.  NORDA  pre¬ 
pared  daily  ice  index  plots  and  transmitted  them  to 
the  Naval  Polar  Oceanography  Center  (NPOC)  via 
FNOC  (Hawkins  and  Lebanon  1989).  The  graphic- 
products  are  the  same  size  and  projection  as  NPOCs 
other  working  charts,  which  facilitates  their  use.  Figure 
I  shows  a  sample  ice  index  graphic  product. 

The  graphic  products  show  ice  index  profiles  over 
water,  with  the  satellite's  nadir  tracks  as  base  lines 
(  Hawkins  and  Lebanon  1989 ).  Their  interpretation  to 
delineate  water-ice  transitions  is  suggested  above.  The 
point  along  a  ground  track  where  the  ice  index  rises 
above  the  threshold  clearly  indicates  the  ice  edge.  The 
threshold  value  was  modified  from  1.0  to  0.9  after 
NORDA  and  NPOC  gamed  experience  in  interpreting 
GEOSA  I  ice  index  data.  NORDA  is  continuing  re¬ 
search  efforts  designed  to  extract  more  information 
from  the  ice  index. 

NORDA  performed  two  data  quality  checks  during 
the  ice  index  processing.  A  least-squares  tit  was  used 
to  eliminate  AGC  outliers,  as  was  done  for  SWH  data. 
Also.  VA  FT  values  less  than  0.0  or  greater  than  2.2 
were  excluded. 

3)  Si  A  St  HI  At  I  Ml  KilM  Ml  \Sl  R!  Ml  NT 

The  radar  altimeter  measures  the  distance  from  its 
antenna's  electrical  center  to  the  instantaneous  sea 


surface  as  averaged  over  the  footprint.  The  effective 
(pulse-limited)  footprint  is  a  function  of  significant 
wave  height.  The  footprint's  radius  is 

r-  \ fu  t'  (5) 

where  h  is  the  satellite's  altitude,  e  is  the  speed  of  light, 
and  the  effective  pulse  duration  t'  is 

r  ;  //GT  ’ 

7  tmoj 

In  Eq.  ( 6 )  r  is  the  pulse  duration  ( 3. 1 2?  ns  for  GEO- 
SAT  )  and  //  is  wave  height.  GEOS.AT's  footprint  di¬ 
ameter  is  1.7  km  for  a  perfectly  flat  sea.  increases  to 
2.1  m  for  I-m  waves.  4.0  m  for  5-m  waves,  and  5.6  m 
for  1 0-m  waves.  [  Brooks  et  al.  (  1978 )  provide  a  helpful 
diagram  and  the  correct  equation  for  flat  seas.  For 
rough  seas  the  pulse  duration  is  replaced  by  the  effective 
pulse  duration  of  Eq.  (  6  ).] 

Sea  level  is  the  difference  between  the  altimeter- 
measured  distance  and  the  satellite's  height,  where  the 
latter  is  determined  independently  by  tracking  and  orbit 
determination.  ( Orbit  height  is  normally  referenced  to 
a  standard  “reference  ellipsoid",  consequently  so  is 
sea  level.)  Then,  the  difference  between  sea  level  and 
the  geoid.  the  sea  surface  height  ( SSH  )  residual,  pro¬ 
vides  information  on  ocean  dynamics. 

TheGEOSAT  altimeter  provides  dense,  all-weather 
range  measurements  along  the  satellite's  nadir  track 
with  3.5-cm  precision  (  MacArthur  et  al.  1987  )  and  an 
average  white-noise  level  of  about  8  cm  ( Sailor  and 
LeSchack  1987).  Conversion  to  SSH  residuals  requires 
orbital  calculations  ( both  for  earth  location  and  satellite 
height  determination),  correction  for  orbit  error  and 
other  geophysical  error  sources,  and  removal  of  the 
geoid  or  other  reference  surface.  Lebanon  and  Crout 
(  1987 )  discuss  the  error  sources  and  provide  estimates 
of  their  magnitudes. 

NORDA  performed  one  data  quality  check  specif¬ 
ically  for  SSH  processing:  A  least-squares  fit  was  used 
to  eliminate  altimeter  height  word  outliers,  as  was  done 
for  SWH  and  AGC  (the  latter  during  ice  processing) 
data. 

Available  “geoids"  are  not  true  geoids:  they  contain 
errors.  These  geoids  generally  include  information  de¬ 
rived  from  altimeter  data,  taking  advantage  of  the  fact 
that  the  long-term  temporal  mean  of  altimeter-derived 
sea  level  is  approximately  the  marine  geoid  (  The 
ERM's  repeat  orbit  provides  the  opportunity  to  use 
along-track  ensemble  means  as  reference  surfaces  for 
the  SSH  computation.  In  some  areas  these  are  the  best 
“geoids"  available.)  However,  that  mean  also  includes 
the  time-independent  part  of  the  dy  namic  topographs 
The  presence  of  this  contaminating  term  significantly 
interferes  with  interpretation  of  the  SSH  residuals. 

It  is  impossible  to  separate  this  part  without  inde¬ 
pendent  information.  The  construction  of  so-called 
"svnthetic  geoids"  bv  removal  of  the  mean  oceanog¬ 
raphy  contamination  is  a  topic  of  considerable  current 
interest.  Kilgus  (  1989)  reports  on  several  synthetic 
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Fig.  I.  Sample  GEOSAT  ice  index  graphic  product  Ice  index  xalues  are  plotted  along  GEOS  AT 
ground  tracks.  Ice  edge  crossings  are  clearly  apparent 
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geoid  methods  (detailed  descriptions  have  been  sub¬ 
mitted  for  publication  by  the  researchers),  all  of  which 
introduce  additional  information  to  achieve  the  sepa¬ 
ration.  Taplev  et  al.  (  1988)  describe  a  different  ap¬ 
proach  which  uses  altimeter  data,  tracking  data,  and 
surface  gravity  data  to  solve  simultaneously  for  the  sea 
surface  topography,  the  Earth's  gravity  field,  the  sat¬ 
ellite's  orbit,  and  other  parameters. 

Figure  2  illustrates  the  problem.  The  dashed  line  in 
Fig.  2a  shows  an  idealized  mean  Gulf  Stream  height 
profile,  which  is  often  present  as  a  geoid  error.  The 
three  solid  lines  are  instantaneous  Gulf  Stream  SSH 
profiles  as  they  would  appear  if  they  could  be  calculated 
without  error.  The  mean  is  “smeared"  because  of  the 
Gulf  Stream's  meandering  while  the  altimeter  data  in¬ 
corporated  in  the  geoid  were  collected,  and  possibly 
because  of  filtering  used  in  the  geoid's  construction. 


The  mean  Gulf  Stream's  amplitude  is  shown  as  less 
than  that  of  the  instantaneous  Gulf  Stream  profiles, 
another  possible  effect  of  the  filtering.  The  three  in¬ 
stantaneous  profiles  include  one  north  of.  one  coinci¬ 
dent  with,  and  one  south  of  the  mean  Gulf  Stream  's 
position.  Figures  2b.  2c.  and  2d  show  the  result  of  dif¬ 
ferencing  the  instantaneous  and  mean  profiles,  as  in 
the  subtraction  of  the  “contaminated"  reference  surface 
from  sea  level.  In  general,  both  the  resulting  profile's 
shape  and.  to  a  smaller  extent,  its  position  arc  affected. 
(Although  it  is  not  apparent  from  the  plots,  the  am¬ 
plitude  of  the  variation  in  Fig.  2c  is  smaller  than  that 
for  the  other  two.)  Several  NORDA  efforts  are  in  pro¬ 
gress  to  account  for  and  correct  the  geoid  error  caused 
by  the  presence  of  mean  oceanography  .  Kilgus  (  1980 1 
describes  preliminary  results  from  some  of  them 
An  added  benefit  can  result  from  performing  this 
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Fir..  2  Fffect  of  mean  oceanography  in  reference  surface  upon 
SSH  residuals.  Subtraction  of  reference  surface  induces  error  in  re¬ 
siduals.  l  Top)  Mean  Gulf  Stream  profile  and  3  instantaneous  ideal 
(error-free)  Gulf  Stream  SSH  profiles.  (Case  I  )  Difference,  instan¬ 
taneous  Gulf  Stream  north  of  mean  Gulf  Stream  (Case  2)  Difference, 
instantaneous  Gulf  Stream  coincident  with  mean  Gulf  Stream.  (Case 
3  i  Difference,  instantaneous  Gulf  Stream  south  of  mean  Gulf  Stream 

correction.  It  is  at  least  plausible  that  the  more  accurate 
SSH  profiles  that  result  should  permit  the  calculation 
of  reasonably  accurate  geostrophic  velocity  values. 
Kelly  and  Gille  ( 1990 )  found  this  to  be  the  case.  They 
describe  a  simple  method  for  estimating  the  mean  dy¬ 
namic  topography,  which  they  use  in  the  calculation 
of  the  absolute  surface  geostrophic  velocity  and  trans¬ 
port.  Their  estimates  are  consistent  with  other  mea¬ 
surements. 

During  most  of  the  GOAP  demonstration  NORDA 
used  orbits  calculated  by  the  Naval  Space  Surveillance 
System  ( N.AVSPASUR ).  NAVSPASUR  received 
tracking  data  from  the  Defense  Mapping  Agency's 
TRANET  sy  stem  and  calculated  a  special  set  of  short- 
arc  solutions,  each  valid  for  a  particular  track  through 
the  GOAP  mesoscale  test  area.  These  orbits  had  a  radial 
position  uncertainly  of  about  10  to  20  m.  and  were 
available  promptly  enough  for  the  near-real-time 
CiOAP  analysis.  More  recently,  orbits  with  a  radial  po¬ 
sition  uncertainty  of  approximately  3  m.  which  were 


calculated  by  the  Navy  Astronautics  Group,  became 
available. 

Simple  linear  detrending  was  adequate  to  reduce  the 
residual  orbit  error  to  the  centimeter  level  for  the  rel¬ 
atively  short  tracks  (2000  km  or  less)  through  the 
GOAP  mesoscale  test  area.  To  a  good  approximation. 
Lhe  orbit  error  is  sinusoidal  with  a  period  equal  to  the 
orbital  period.  It  is  not  quite  adequate  to  expand  the 
sinusoid  in  a  I  ay  lor  series  and  look  at  the  magnitude 
of  the  first  term  beyond  the  linear  term  to  estimate  the 
residual  error,  because  there  is  also  a  phase  angle,  i.e.. 
the  20()()-km  segment  may  he  any  ( small )  "piece"  of 
the  sinusoid.  However,  a  simple  computer  simulation 
shows  that  for  10-20  m  orbit  errors,  the  mean  mis 
error  after  removing  a  straight  line  is  under  5  cm.  \ 
slightly  different  analysis  shows  that  the  maximum 
value  of  the  residual  nonlinear  error  is  1 .2  cm  per  meter 
of  orbit  error. 

This  "tilt  and  bias  correction"  simultaneously  took 
caie  of  the  other  long-wavelengtn  eriors  that  affect  the 
mesoscale  analysis.  Ocean  tides,  electromagnetic  1  EM  i 
bias,  and  the  wet  tropospheric  pathlength  correction 
were  addressed  explicitly,  because  they  have  significant 
energy  at  mesoscale  wavelengths. 

Tides  were  calculated  from  the  Schwiderski  model 
(Schwiderski  and  Szeto  198!  !.  which  has  an  accuracy 
of  10  cm  or  better  over  open  ocean.  EM  bias,  an  ap¬ 
parent  shift  in  sea-surface  elevation  caused  by  a  differ¬ 
ence  in  strength  of  the  reflection  from  the  troughs  and 
crests  of  ocean  waves,  can  be  modeled  adequately  as  a 
range  error  proportional  to  significant  wave  height.  The 
altimeter's  electronic  tracker  is  responsible  for  a  similar 
bias:  GOAP  used  a  combined  correction  factor  of  5 
percent  of  significant  wave  height  (  Born  et  al.  1982  ). 
Mac  Arthur  ( APL.  private  communication.  1989) 
thinks  that  5  percent  is  a  reasonable  value. 

The  tropospheric  water  vapor  pathlength  error  may 
have  a  magnitude  of  2?  to  30  cm.  and  a  local  ( i.e..  in 
the  mesoscale  range)  variability  of  10  to  20 cm  i  Haw¬ 
kins  and  Smith  1986).  NORDA's  processing  software 
provided  for  this  correction,  although  no  good  means 
of  determining  it  was  available  during  the  GO  AP  op¬ 
erational  demonstration.  Because  the  mesoscale  to¬ 
pographic  signals  of  interest  in  the  Gulf  Stream  region 
are  of  the  order  of  50-100  cm.  a  major  impact  on  the 
location  of  mesoscale  features  was  niff  expected,  and 
not  observed  very  often.  NORDA  is  now  using  a  cor¬ 
rection  based  on  observations  from  the  recently 
launched  Special  Scanner  Microwave  Imager  (SSM 
I )  radiometer.  Algorithms  to  calculate  an  SSM  I  wet 
troposphere  correction  were  developed  by  J.  Hollinger 
(  1980).  Tapley  et  al.  (  1982)  showed  that  the  water 
vapor  correction  based  on  SEAS.AT  Scanning  Multi¬ 
channel  Microwave  Radiometer  (similar  to  SSM  O 
measurements  was  realistic.  Phoebus  and  Hawkins 
(  1990 )  discuss  the  significance  of  the  water  vapor  cor¬ 
rection  ( calculated  from  SSM  1  measurements )  in  the 
northeast  Pacific  Ocean,  where  the  oceanographic  sig¬ 
nals  are  much  smaller 
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4.  Mesoscale  analysis 

a.  Background 

NORDA  prepared  a  description  of  Gulf  Stream  re¬ 
gion  mesoscale  ocean  features  beginning  in  the  fall  of 
1985.  first  at  10-day  intervals  and  later  tw  ice  each  week. 
This  was  a  logical  continuation  of  work  begun  in  the 
1970s  by  N  A  VOCE  A  NO  scientists,  who  studied  the 
Gulf  Siieaui  and  rings  ^nd  published  results  in  the  On  if 
Stream  Monthly  Summary  and  later  in  Gulf  Stream 
( 1975-1981 ).  The  latter  publication  has  since  been 
replaced  by  the  Oceanographic  Monthly  Summary 
Maps  based  on  satellite  image  analyses,  which  show 
the  positions  of  the  Gulf  Stream  and  rings,  have  also 
been  produced  weekly  by  the  Naval  Eastern  Ocean¬ 
ography  Center  ( NEOC 1  and  several  times  a  week  by 
the  National  Oceanic  and  Atmospheric  Administration 
(  NO.A A  ) .  GOAP’s  important  contribution  was  the  in¬ 
troduction  of  the  altimetric  signal  into  the  interpretive 
process.  Altimetry  's  advantages  are  all-weather  capa¬ 
bility  and  close  connection  of  the  measurement  with 
ocean  dynamics,  as  discussed  in  Section  3b(3).  The 
GO.AP  analyses  covered  the  area  outlined  in  Fig.  3. 
and  provided  information  of  operational  use  to  the 
Navy .  Recently  ,  eddy-resolving  regional  models  for  the 
Gulf  Stream  were  developed  (Robinson  et  al.  1988). 
and  cc  Tmarisons  between  the  two  outputs  and  analy  ses 
of  the  differences  are  being  studied.  GEOSAT  data  are 
being  used  to  test  and  refine  them. 

Cheney  and  Marsh  ( 1981 )  verified  the  presence  of 
dy  namic  ocean  features  in  SEASAT  altimeter  profiles. 
Cheney  (  1982)  combined  2  weeks  of  satellite  1R  im¬ 
agery.  bathythermograph  ( BT )  data,  and  drifter  tra- 


Fig.  3  Area  covered  by  GOAP  mesoscale  analyses,  outlined  by 
dashed  line,  plus  7 -day  satellite  ground  track  laydown  ( Irom  firs!  IS 
months  of  GEOSAT  mission) 
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jectories  into  Gulf  Stream  region  mesoscale  feature 
maps.  These  maps  were  compared  to  SEASAT  altime¬ 
ter  profiles  to  determine  the  altimeter  data's  usefulness 
in  finding  the  mesoscale  features.  Based  on  the  suc¬ 
cessful  results  of  these  comparisons.  NORDA  took  the 
analysis  one  step  further.  Latitude  and  longitude  po¬ 
sitions  of  the  north  and  south  walls  of  the  Gulf  Stream 
and  of  ring  centers  and  edges,  from  altimeter  SSH  re¬ 
siduals.  were  combined  with  3  to  4  day  s  of  IR  imagery 
and  1  week  of  expendable  batny thermograph  i  Xbl  I 
data  to  produce  a  mesoscale  map  of  the  Gulf  Stream 
twice  weekly.  This  map.  referred  to  as  the  GEOSAT 
mesoscale  map.  was  produced  starting  in  September 
1985. 

SEASAT  altimeter  data  showed  that  the  Gulf  Stream 
and  its  associated  rings  display  a  topographic  signal  of 
approximately  0.5  to  1.0  m  i  Cheney  and  Marsh  1981  ). 
Nevertheless,  it  is  difficult  to  interpret  altimetnc  signals 
in  the  Gulf  Stream  area.  This  port.  ’  of  the  paper  dis¬ 
cusses  some  of  these  difficulties,  describes  the  steps  in 
the  preparation  of  mesoscale  maps,  and  shows  some 
preliminary  statistical  results  derived  from  them. 

h  Features 

The  Gulf  Stream  alone  is  a  complicated  oceano¬ 
graphic  feature  whose  investigation  goes  far  back  into 
the  last  century  .  Stommel's  book.  Gull  Stream  (  1965  ). 
one  of  the  classics  of  oceanographic  literature,  sum¬ 
marizes  earlier  works  and  started  an  era  of  new  inves¬ 
tigations.  Satellite  IR  imagery  immensely  enhances  the 
understanding  of  the  Gulf  Stream's  complexity.  Al¬ 
timetry  provides  the  means  for  identifying  its  location, 
and  shows  promise  for  giv  ing  more  detailed  and  quan¬ 
titative  information  concerning  the  mesoscale  (low 
field.  Figure  4  shows  the  altimetnc  signal  across  the 
Gulf  Stream.  The  figure  plots  the  SSH  residual,  the 
difference  between  sea  level  and  the  geoid.  after  cor¬ 
rections  as  desenbed  in  Section  3b(  3 ). 

Gulf  Stream  nngsarea  vital  component  of  the  Gulf 
Stream  system.  A  nng  is  a  special  type  of  eddy  that 
forms  from  a  cut  off  Gulf  Stream  meander  ( Stommel 
1965;  Fuglister  1972;  Richardson  1983).  Rings  are 
among  the  most  energetic  eddies  in  the  ocean,  and 
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their  thermocline  displacements.  swirl  speeds,  and  vol¬ 
ume  transports  are  nearly  equivalent  to  the  Gulf 
Stream's.  The>  change  their  shapes  and  positions, 
sometimes  rapidly  and  interact  with  the  Gulf  Stream 
and  other  rings.  they  generate  mean  flow  and  are  vital 
in  transporting  different  water  masses  across  the  Stream 
(Newton  1461;  Cheney  and  Richardson  1476). 

<_  i  i/(/-u >iv  nugv 

Fuglister  (  1472  )  and  Doblar  and  Cheney  (  147"’  (de¬ 
scribe  the  creation  of  cold-core  rings  (CCRs).  A  CCR 
consists  of  a  closed  segment  of  the  Gulf  Stream  that 
swirls  cydonically  around  a  cold  slope  water  core.  Due 
to  their  initial  surface  temperature  distribution,  newly 
formed  rings  can  be  observed  in  satellite  IR  imagers. 
Richardson  summarized  their  properties  (1483).  A 
new  CCR  is  elliptical  but  becomes  nearly  circular  as  it 
moves  away  from  the  Gulf  Stream.  Typical  diameters 
are  150  to  300  km.  SEAS.AT  altimeter  observations 
showed  that  CCR  sea  surface  depressions  are  approx¬ 
imately  0.5  to  1 .0  m  ( Cheney  anu  Marsh  1481  ).  Figures 
5.  6.  and  7  show  examples  of  the  GEOS AT  altimelric 
cold  nng  signals.  Satellite  ground  tracks  serve  as  base¬ 
lines  for  the  SSFI  plots. 

Figure  5  shows  the  altimetnc  signal's  all-weather  ad¬ 
vantage  over  IR  images;  both  ascending  tracks  (year 
days  1 14  and  122 )  show  the  presence  of  a  large  (  200- 
km  diameter)  CCR  invisible  in  the  IR.  hidden  under 
cloud  cover.  The  nng  is  marked  as  "A"  in  the  figure. 
Ring  A  appears  in  the  IR  satellite  image  from  4  days 
later  (  Fig.  6 ).  and  is  intersected  by  year  day  1 23 's  de¬ 
scending  track.  The  "young"  CCR  shows  a  very  sy  m- 
metric  80-cm  depiession  with  the  swirl  velocity  in¬ 
creasing  with  distance  from  the  center.  The  SSH  gra¬ 
dient  indicates  a  surface  velocity  maximum  of  200  cm 
s  1  60  km  from  the  center,  w  ith  a  dropoff  farther  from 
the  center.  This  agrees  with  in  situ  observations  ( Olson 
1480). 

In  the  nng's  central  part,  the  near-surface  rotation 
period  is  about  2  days.  It  is  important  to  notice  the 
nng's  extent.  Gulf  Stream  and  Sargasso  Sea  waters  are 
entrenched  into  the  nng.  while  the  cold  slope  water, 
v  isible  as  a  light-colored  center,  has  a  diameter  of  only 
80  km.  An  "older"  CCR.  nng  B.  is  visible  in  Fig.  6  in 
the  lower  center  of  the  IR  image,  and  it  is  partly  visible 
in  Fig.  7.  Infrared  imagery  indicates  that  this  nng  did 
not  move  dunng  this  10-day  penod.  It  was  crossed  by 
an  ascending  altimeter  track  on  year  day  1 33.  That 
SSH  profile  shows  a  40-cm  depression  and  a  150-km 
diameter,  with  maximum  surface  current  speed  of  100 
cm  s  1 . 

Cold-core  ring  interactions  with  the  Gulf  Stream  fall 
into  two  categones  (  Richardson  1483 ).  In  the  first  the 
ring  reattaches  to  the  Gulf  Stream  The  ring  center 
opens  to  the  nonh  of  the  Gulf  Stream,  and  an  open 
meander  is  created.  l  ater,  this  ring  is  completely  ab¬ 
sorbed  by  the  Gulf  Stream  In  the  second  category  a 
"nonfatal"  interaction  occurs  when  a  nng  becomes  at¬ 


tached  to  the  Gulf  Stream,  moves  downstream,  and 
detaches  from  the  Gulf  Stream  to  form  a  modified  ring 

Figure  8  shows  an  interaction  of  the  first  type  Part 
of  the  Gulf  Stream  is  still  visible  in  the  altimeter  signal 
nonh  of  nng  C.  The  altimeter  track  on  year  dav  '3 
crosses  the  ring,  and  a  large,  slightlv  asymmetric  dip 
in  the  altimeter  data  (  1 50  cm  )  is  clearly  visible  Figure 
4  shows  the  altimeter  data  in  detail  (  upper  plot )  with 
the  corresponding  geostrophic  velocity  profile  (lower 
plot).  Geostrophic  velocity  was  computed  from  SSH 
data  using  a  finite-difference  approximation  to  the  de¬ 
rivative.  The  SSH  data  were  first  filtered  by  a  median 
filter  (Gallagher  and  W  ise  1481  ).  Figure  4  also  shows 
the  imponance  of  accounting  for  centrifugal  force  in 
the  geostrophic  velocity  computation.  The  solid-line 
curve  in  the  lower  plot  was  obtained  by  a  straightfor¬ 
ward  geostrophic  calculation,  while  the  dashed-line 
curve  shows  the  velocity  obtained  by  including  cen¬ 
trifugal  force. 

d  Warm-core  rimis 

Warm-core  anticy clonic  rings  form  ( by  pinching  olf  > 
from  the  Gulf  Stream  throughout  the  slope  water  m  a 
region  bounded  by  the  Gulf  Stream  and  the  continental 
slope.  Their  diameters  are  around  100  km.  A  warm- 
core  nng  ( WCR)  consists  of  an  annular  area  of  Gulf 
Stream  water  surrounding  a  Sargasso  Sea  core  (Gott- 
hardt  1473;  Bisagm  1476;  Lai  and  Richardson  1 4”; 
Halliwell  and  Mooers  I4"4). 

WCRs  move  westward  with  a  mean  speed  of  5  cm 
s  1 .  which  is  the  mean  slope  water  How  speed,  and  as 
they  drift  westward  they  gradually  shnnk  in  size.  They 
interact  very  often  with  the  Gulf  Stream,  sometimes 
separating,  sometimes  coalescing  with  it  They  entrain 
the  slope  water  and  sometimes  the  shelf  water,  and 
advect  it  around  and  into  the  Gulf  Stream  (  Morgan 
and  Bishop  1477  ).  W  hen  W  CRs  reach  Cape  Hatteras. 
they  coalesce  with  the  Gulf  Stream  ( Gotlhardt  and  Po- 
tocsky  1474).  An  interdisciplinary  study  of  WCP.s  was 
carried  out  in  1481  through  1485;  results  are  published 
in  J(IR  M 'arm-Corc  Rim;'  Collection  (  1485) 

Figure  5  shows  a  WCR  I  ring  D)  interacting  with  the 
Gulf  Stream  A  large  amount  of  Gulf  Stream  water  is 
entrenched  into  the  ring.  An  ascending  altimeter  track 
that  crossed  this  WCR  3  days  before  this  IR  image  was 
taken  shows  the  warm  ring  extending  about  150  km 
with  a  50-cm  altimeter  signal.  The  second  WCR  visible 
in  this  IR  image  is  nng  E.  which  is  clustered  near  40rN. 
65° W  .  Figure  6  shows  nng  D  as  a  very  compact  warm 
nng  which  redeveloped  4  days  after  interaction  with 
the  Gulf  Stream.  No  altimeter  track  crossed  this  WCR 
until  year  day  131.  5  days  later  That  track,  which  in¬ 
tersects  one  edge  of  ring  D.  shows  a  large  signal,  almost 
80  cm.  that  indicates  the  spinoff  after  interacting  with 
the  Gulf  Stream  (  The  day  131  altimeter  track  is  cut 
off  at  the  northern  edge  of  the  GOAP  region,  so  it  does 
not  completely  cross  the  nng  ) 

Similarly .  Fig.  6  shows  ring  f  v isible  in  an  ascending 


In.  '  Xlnmeter  data  superimposed  on  IR  image  Irom  '  Mas  i^Sh  Wending  tracks  through 
( i<  V\P  area  from  das  Il'M'd  \pril  i  and  das  1  ”  i  .  Mas  i  cross  a  (  (  Ri  X  •  and  the  (  mlt  Stream 
I  ho  altimeter  ilata  indicates  that  the  (  t  R  o  larger  than  it  appears  in  the  IR  image  I  he  das  ;  i  a 
track  also  crosses  jftt'RiDi. 


In.  h  Image  4  davs  later  with  tour  <  d  OS  \  I  tras ks  superimposed  I  he  altimelei  tiac ks  i loss 
the  (  mil  Stream,  tssn  (  (  Rs.  and  two  XX (  Rs  that  are  also  s isihle  in  the  I R  image  I  he  ssl I  data 
provides  additional  information  on  the  si/cs  and  strengths  ol  the  teatnres 


Fig.  7.  Image  10  days  later  with  GF.OSA  T  tracks  superimposed  I  he  IR  imagers  between  6 
May  and  16  May  ssas  completely  cloud-cosered  Ml  the  information  during  the  intersening 
period  came  t'rom  altimetry 


In,  H  Infrared  image  showing  (  CR  interacting  with  ( iulf  Stream  I  he  d. is  ~t(dOS\I  trask 
indicates  a  strong  <  (  R  wnh  a  I'lkmdsnamu  height  depression 
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Fk.  s  Altimeter  trace  through  OC  R  of  Fig.  8  i  upper  plot  i  with 
corresponding  geostrophie  velocity  profile  ( lower  plot,  solid  curse  t 
Dashed  curse  in  lower  plot  shows  the  result  of  applying  the  centrifugal 
correction 

track's  altimetric  signal  (year  day  125).  This  WCR 
mused  westward  from  its  earlier  position.  Though  this 
strong  vortex  is  not  visible  in  the  IR  image  because  of 
cloud  cover,  the  altimeter  shows  almost  100  cm  of  re¬ 
lief.  Figure  7  shows  a  repeated  interaction  between  ring 
D  and  the  Gulf  Stream  10  days  later.  A  descending 
altimeter  track  (year  day  134)  intersects  this  ring.  It 
shows  a  strong,  asymmetric  signal  that  indicates  the 
partly  meander-like  circulation  with  a  large  portion  of 
the  Gulf  Stream  signal  south  of  the  WCR. 

<•  hucrprchuuni  ami  chtfuiillic v 

NORIM  chose  the  northwest  Atlantic  region  that 
contains  the  Gulf. Stream  and  rings  as  a  demonstration 
area  because  of  the  pronounced  altimetric  signal  and 
the  existence  of  a  high-quality  geoid.  Figure  3  shows 
the  GOAP  area  and  theGEOSAT  orbit's  ground-track 
lavdown  fora  7-day  period  during  the  primary  mission 
(the  first  18  months).  Consecutive  ascending  or  de¬ 
scending  tracks  were  separated  by  25. 1  degrees  of  lon¬ 
gitude  at  the  equator  as  the  satellite  revolved  around 
the  earth  about  14.3  times  per  day  The  situation  is 
essentially  the  same  for  the  FRM  orbit.  Since  the  al¬ 


timeter  is  a  nadir-looking  instrument  with  a  held  of 
view  of  only  a  few  km.  there  are  very  wide  gaps  in 
coverage  during  a  I -day  period,  approximately  2100 
km  in  the  GOAP  area.  Even  after  a  week  there  are 
large,  diamond-shaped  holes  in  the  coverage. 

The  spatial  scale  of  mesoscale  features  in  the  Gulf 
Stream  area  is  about  100  km.  The  Gull  Stream's  daily 
position  changes  can  be  large  (about  30  km),  while 
the  rings  move  siovvly .  4  to  5  km  per  day  on  the  average: 
occasionally  they  may  shift  15  km  per  day.  Obviously 
altimeter  coverage  alone  cannot  describe  the  mesoscale 
held.  NORDA  chose  satellite  1R  imagery  to  compen¬ 
sate  for  the  altimeter's  lack  ot  synopticity.  and  occa¬ 
sional  in  situ  XBT  measurements  provided  detailed 
information  about  the  ocean's  vertical  thermal  struc¬ 
ture  at  key  locations. 

The  almost  ever-present  appearance  ot  clouds  is  one 
of  the  detriments  common  to  all  present  mesoscale 
interpretations  in  the  Gulf  Stream  region  when  using 
1R.  Experience  indicates  that  although  one  IR  image 
max  reveal  ail  or  none  ot  the  Gull  Stream,  typically 
about  30-40  percent  is  visible.  This  percentage  differs 
with  the  season.  During  the  summer  months  seasonal 
surface  heating  obscures  the  IR  signatures  of  older  cold 
rings.  In  such  conditions  the  altimetric  signal  becomes 
essential.  Difficulties  in  the  interpretation  of  altimetric 
signals  in  terms  of  mesoscale  teatures  stem  trom: 

(  i  )  the  particular  geometry  of  mesoscale  features  and 
altimetric  tracks  I  important  if  no  IR  is  available  >.  and 

( ii )  geophysical  corrections. 

Oblique  crossings  of  the  Gulf  Stream  by  the  altimeter 
belong  to  the  first  category  .  A  pass  perpendicular  to 
the  Gulf  Stream  would  have  a  strong,  narrow  SSH  sig¬ 
nal.  but  a  pass  at  an  acute  angle  would  take  longer  to 
cross  the  Gulf  Stream,  and  the  signal  would  be  spread 
out.  Also,  little  or  no  Gulf  Stream  signal  is  apparent 
w  hen  the  altimeter  crosses  an  area  of  strong  interaction 
between  the  Gulf  Stream  and  ring;.  '  Fig.  6  shows  an 
example).  The  ground  track  may  also  intersect  a  ring 
near  its  edge,  making  it  appear  small. 

The  main  problems  of  the  second  category  result 
from  errors  in  the  reference  surtace.  The  error  con¬ 
nected  w  ith  "smearing"  of  the  Gulf  Stream  in  the  geoid 
was  discussed  in  section  3b(  3 ).  A  good  example  is  the 
S-shaped  altimeter  signal  in  Fig.  6.  in  the  ascending 
track  for  year  day  1 25.  It  corresponds  to  case  2  of  Fig. 
2.  This  error  appears  to  strengthen  the  warm  ring 's 
signal  in  the  north  and  falsely  indicates  a  return  current 
south  of  the  Gulf  Stream.  Mong  GFOSAT-FRM 
ground  tracks,  estimates  of  the  geoid  profile  which  are 
relatively  uncontaminated  by  the  mean  topography  can 
be  obtained  as  the  difference  between  simultaneous 
dvnamic  topography  profiles  ( from  deep  XBT  sections ) 
and  GFOSAT  FRM  overflights  (  Mitchell  et  al.  W84 ). 
Of  course,  such  estimates  are  contaminated  by  the 
barotropic  component  of  sea  level  (see  Hallock  et  al 
1486). 
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Distortions  and  asymmetries  of  ringj  were  observed 
due  to  errors  m  the  reference  surfaee.  In  general.  CCRs 
are  easier  to  detect  than  WCRs.  The  reasons  are  that 
warm  rings  very  often  interact  with  the  Gulf  Stream, 
the  geoid  is  less  well  known  in  the  area  of  the  conti¬ 
nental  slope  where  WCRs  exist,  and  WCRs  have  ilatter 
profiles  than  CCRs  of  similar  diameter.  The  balance 
of  forces  explains  the  last  e fleet.  In  warm  rings,  the 
horizontal  pressure  gradient  is  aided  by  eentn fugal  force 
to  balance  the  Coriolis  force.  In  contrast,  cold  rings 
exhibit  a  large  sea  surface  displacement  because  the 
Coriolis  and  centrifugal  forces  work  in  unison  against 
the  pressure  gradient. 

Our  experience  indicates  that  simultaneous  IR  and 
altimetry  often  agree  in  determining  the  northern  Gulf 
Stream  boundary,  with  precision  limited  by  the  altim¬ 
eter  data  (  14  km  ).  But.  there  are  eases  when  they  dis¬ 
agree.  The  IR  image  in  Fig.  8  indicates  that  the  Gulf 
Stream  meanders  southward  around  the  interacting 
cold  ring.  Altimeter  data,  namely  the  year  day  70  as¬ 
cending  track,  agree  xv,th  IR  images  in  this  southern 
branch,  but  also  show  a  continuation  of  the  Gulf 
Stream  as  a  bridge  north  of  the  ring.  Figure  6  shows  a 
sharp  meander,  perhaps  in  vxeak  interaction  with  the 
(  C  R.  The  year  day  1 25  ascending  altimeter  track  shows 
the  Gulf  Stream's  position  shifted  about  40  km  north 
of  where  the  IR  image  indicates.  These  cases  are  not 


unprecedented:  Hansen  and  Maul  (  14~0).  Robinson 
et  al.  (  1474  ).  and  Horton  i  1484  )  found  that  the  I  5  ( 
isotherm  at  200  m.  considered  to  be  the  core  of  the 
Gulf  Stream,  can  be  considerably  separated  from  the 
near-surface  thermal  structure.  Perhaps  in  the  above 
interactions  the  deeper  portion  of  the  Gulf  Stream  acts 
separately  from  the  surface  Gulf  Stream  and  produces 
the  surface  topography  seen  in  the  SSH  signal  It  is  also 
possible  that  part  of  the  difference  observed  is  due  to 
a  mismatch  in  time  between  the  IR  and  altimetrie  ob¬ 
servations. 

It  is  sometimes  difficult  to  establish  whether  mean¬ 
ders  are  pinched  off  from  the  Gulf  Stream.  Figure  It) 
shows  a  large  cold-core  meander  extending  5so  km 
southward.  This  meander  is  strong  and  never  closes  to 
create  a  cold  ring.  Fortunately.  IR  data  are  available 
to  confirm  this  interpretation. 

/.  Preparation  ot  mc^O'calc  map* 

NORDA  used  altimeter  SSH  residuals  combined 
with  Advanced  Very  High  Resolution  Radiometer 
<  AVHRR)  and  XBT  data  to  produce  a  depiction  of 
the  Gulf  Stream's  north  and  south  walls  and  warm- 
and  cold-core  rings.  This  depiction  consists  of  an  al¬ 
phanumeric  description  of  the  features'  positions  and 
strengths  (i.e..  sea-surface  temperature  gradients) 


Ik,  111  Infrared  image  for  *>  November  l'*HS  »uh  superimposed  jllimotrv  Xmc  verv  large  cold 
core  meander  extending  'SO  km  couihuard 
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Dunng  the  GOAP  operational  demonstration  this  de- 
scrtption  was  sent  as  a  Navy  message  and  used  as  a 
■'bogus"  (a  com  monk -used  Navy  term  tor  manually 
adjusted  data.  e.g..  front  and  eddy  locations)  for 
FNOC's  Expanded  Oeean  Thermal  Structure  three- 
dimensional  thermal  analysis  ( Clancy  1987).  NORD.A 
also  provided  the  information  in  graphic  form  (the 
mesoscale  map  described  in  section  4a)  as  a  quality- 
control  measure.  A  4-  to  7-day  sliding  window  of  SSH 
and  AVHRR  data  went  into  each  of  the  twice-weekly 
GEOS  AT  mesoscale  maps  and  alphanumeric  descrip¬ 
tions. 

Section  3  describes  the  treatment  of  the  altimeter 
data  dunng  the  operational  demonstration.  An  average 
of  two  AVHRR  images  per  day  were  received  from 
each  NO.  A  A  satellite.  Those  for  which  the  area  of  in¬ 
terest  was  not  totally  cloud-covered  were  calibrated  and 
"warped”  to  a  Mercator  projection  at  a  resolution  of 
2.5  km.  In  some  cases  it  was  found  helpful  to  combine 
channels  4  and  5  to  create  multichannel  sea-surface 
temperature  ( MCSST )  images,  especially  during  the 
summer  w  hen  high  concentrations  of  water  vapor  often 
obscure  the  oceanic  features  in  a  single  channel.  The 
NORD  A  analyst  displayed  IR  images  in  a  format  com¬ 
patible  with  the  altimetry  to  cover  the  area  of  interest 
with  a  5-km  resolution,  but  2.5-km-resolution  sections 
were  available  if  needed.  During  the  cloudy  periods, 
composite  images  created  from  several  days  of  IR  data 
show  more  of  the  mesoscale  features  than  individual 
images.  Those  "warmest-pixel"  composites  were  cre¬ 
ated  from  a  registered  sequence  of  images  by  assigning 
to  each  pixel  location  the  value  corresponding  to  the 
highest  temperature  from  all  images  in  the  sequence. 

NORD.A  received  daily  BT  data  from  FNOC.  These 
data  are  collected  by  FNOC  from  various  ship  surveys 
without  systematic  distribution  in  relation  to  our  pur¬ 
poses.  The  NORD.A  analyst  used  the  profile's  character 
and  the  depth  of  the  1 5°C  isotherm  to  apply  corrections 
to  the  mesoscale  feature  map. 

Figures  5-8  and  10.  which  show  SSH  profiles  su¬ 
perimposed  on  an  IR  image,  illustrate  the  approach 
used  in  the  GOAP  mesoscale  analysis,  which  is  to 
combine  complementary  data  types.  Altimeter  data 
displayed  on  an  image  of  the  Gulf  Stream  area  helps 
the  analyst  to  visualize  the  relationship  between  the 
two  data  types.  The  imagery's  superior  area  coverage 
compensates  for  the  altimeter's  lack  of  synopticity 
( l.eitao  et  al.  1979),  while  the  mesoscale  features' 
thermal  signatures  give  information  about  their  shapes. 
The  figures  also  illustrate  the  altimeter's  ability  to  pen¬ 
etrate  cloud  cover  and  reveal  information  not  visible 
in  the  IR  imagery.  The  analyst  combines  all  of  this 
information  with  the  aid  of  interactive  image  process¬ 
ing.  which  allows  color  enhancement  of  IR  imagery 
and  provides  the  ability  to  overlay  profiles  of  other 
data.  The  interactive  aspect  allows  the  analyst  to  view 
an  image,  manipulate  it  and  observe  the  results,  and 
continue  to  perform  image  processing  operations  until 


he  is  satisfied  with  the  results.  The  addition  of  BT  ob¬ 
servations  provided  the  interpreter  even  more  infor¬ 
mation. 

The  analyst  begins  the  GOAP  interpretive  procedure 
by  displaying  SSH  profiles  from  passes  within  the  area 
of  interest,  and  uses  a  cursor  to  select  positions  of  in¬ 
terest  along  each  profile.  The  analyst  also  displays  sig¬ 
nificant  wave  height,  geoid  height,  tilt  and  bias  correc¬ 
tion.  raw  ( altimeter-measured  )  range,  water  vapor  cor¬ 
rection.  and  tide  height  along  the  orbital  pass  ground 
track  to  check  for  data  errors. 

Figure  4  shows  an  example  of  an  SSH  profile  used 
in  an  analysis.  Selected  points  are  assigned  numbers 
and  all  data  associated  with  each  point  are  stored  in  a 
file.  Figure  1 1  presents  two  other  SSH  profiles  and  the 
features  derived  from  them. 

Once  a  representative  sample  of  SSH  residuals  are 
displayed  and  analyzed,  the  selected  points  are  dis¬ 
played  against  the  common  grid  (Fig.  12).  Four  to 
seven  days  of  data  are  generally  displayed  for  each  me¬ 
soscale  feature  map.  This  time  represents  a  compromise 
between  the  amount  of  data  necessary  to  complete  the 
mesoscale  map  and  the  time  scale  of  mesoscale  motions 
characteristic  of  the  Gulf  Stream  system.  The  most  re¬ 
cent  SSH  profile  receives  the  greatest  weighting  in  the 
final  mesoscale  feature  map. 

The  next  step  is  the  study  of  IR  images  from  the 
same  period.  First,  the  analyst  displays  the  most  recent 
IR  image  on  the  common  grid,  and  stretches  the  con- 
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Fig.  12.  Selected  GEOSAT  passes  and  \arious  points  selected  along 
each  nadir  track  to  represent  possible  mesoscale  feature  locations  for 
a  7-day  period. 


trast  and  brightness  to  enhance  the  features  visible  in 
the  image.  The  analyst  observes  the  imagery  at  a  ther¬ 
mal  resolution  of  0.125°C  in  limited  temperature 
ranges  by  selective  enhancement  of  temperature  “win¬ 


dows.''  Likewise,  a  “zoom"  to  a  full-resolution  display 
of  a  smaller  area  is  possible  if  necessary  to  study  detail. 

Using  a  trackball  to  position  the  cursor,  the  analyst 
selects  points  along  the  Gulf  Stream's  north  and  south 
walls  to  represent  their  positions.  Similarly,  the  analyst 
selects  WCR  and  CCR  centers  and  radii,  and  saves  all 
the  values  to  a  tile.  The  analyst  repeats  the  process  for 
older  IR  images  in  reverse  chronological  order.  He  then 
combines  the  SSH  and  IR  data  by  displaying  them 
together  on  the  common  grid.  In  many  instances  the 
north  wall  positions  indicated  by  the  SSH  residual  pro¬ 
files  and  the  IR  imagery  are  within  one  SSH  residual 
point,  or  7  km,  of  each  other.  Using  the  most  recent 
available  data,  the  analyst  constructs  a  continuous  line 
depicting  the  Gulf  Stream.  In  areas  of  no  SSH  residuals 
or  IR  imagery  ,  the  analyst  uses  his  experience  analy  zing 
the  Gulf  Stream's  behavior,  and  the  Gulf  Stream  and 
ring  positions  from  the  most  recent  previous  mesoscale 
feature  map.  to  complete  the  new  map. 

Next,  the  analyst  displays  BT  data  on  the  common 
grid.  Each  BT's  position  and  measured  vertical  tem¬ 
perature  profile  are  displayed  ( Fig.  13).  The  depth  of 
the  15°C  isotherm  is  a  key  in  the  Gulf  Stream  area  to 
evaluate  the  mesoscale  feature  map’s  correctness  (Tra¬ 
cey  and  Watts  1986).  If  the  15°C  water  is  below  460 
m.  then  the  BT  is  assumed  to  be  in  Sargasso  water.  If 
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Fig.  14.  The  GOAP  mesoseale  map  for  28  November  1986. 


no  15°C  water  is  found  or  if  it  is  above  100  m  in  sum¬ 
mer.  then  slope  water  is  assumed  to  be  present.  If  1 5°C 
water  is  present  between  200  and  460  m  and  if  the 
position  is  south  of  the  Gulf  Stream,  then  a  CCR  is 
indicated.  A  warmer  profile  north  of  the  Gulf  Stream 
suggests  a  WCR.  This  information  is  used  to  verify  the 
existence  of  and  locate  features  indicated  by  SSH  re¬ 
sidual  data.  Figure  14  shows  a  sample  GEOSAT  me- 
soscale  map. 

FNOC  also  makes  the  GOAP  mesoseale  product  in¬ 
formation  available  to  NEOC.  the  regional  oceano¬ 
graphic  center  whose  area  of  responsibility  includes  the 
GOAP  mesoseale  test  area.  NEOC  has  found  the  in¬ 
formation  to  be  helpful,  particularly  as  an  indication 
of  possible  CCR  activity  in  locations  where  surface 
thermal  signatures  are  not  visible  in  IR  imagery.  On 
several  occasions,  the  GOAP  product  located  a  cold 
eddy  that  was  subsequently  verified  by  satellite  imagery 


or  BT  data.  Generally.  NEOC  finds  that  more  eddies, 
both  warm  and  cold,  are  evident  in  the  GOAP  product 
than  are  revealed  by  IR  imagery  alone. 

5.  Results 

a.  H  inds,  waves,  ice 

Shuhy  et  al.  ( 1987)  and  Dobson  et  al.  ( 1987)  present 
information  on  the  accuracy  of  GEOSAT  wind  and 
wave  data.  Tables  1  and  2.  which  contain  information 
from  Dobson  et  al.  (  1987).  summarize  some  of  the 
results. 

Tables  1  and  2  show  that  the  prelaunch  accuracy 
targets  for  wind  and  wave  measurements  have  been 
met  or  exceeded.  It  is  more  difficult  to  obtain  quanti¬ 
tative  assessments  of  the  accuracy  of  the  ice-edge  data. 
However,  comparisons  w  ith  IR  and  visible  satellite  im¬ 
agery  are  favorable. 


T able  I  Wind  speed  accuracy  (Buoys  within  50  km  Tabi  f  2.  Significant  wave  height  accuracy  (43  open-ocean 

and  0.75  deg  pointing  eTorl.  buoys  within  50  km  of  nadir  tracksl 
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Pickett  et  al.  (  1987 )  illustrate  GEOSAT  wave  data. 
FNOC  incorporates  GEOSAT  significant  wave  height 
data  into  a  Visual  Sea  Height  Analysis  ( Clancy  1987 ). 
which  attempts  to  provide  an  accurate  synoptic  rep¬ 
resentation  of  global  significant  wave  height.  It  uses  the 
Fields  by  Information  Blending  (FIB)  analysis  tech¬ 
nique  (  Holl  et  al.  1979 )  to  map  SVVH  observations  less 
than  6  hours  old  into  a  Global  Spectral  Ocean  Wave 
Model  first-guess  wave  field  (Clancy  1987).  The  FIB 
technique  weights  the  wave  height  observations  by  time 
and  grid  point  distance  relative  to  the  first-guess  field 
and  spreads  their  influence  accordingly. 

Hawkins  and  Lebanon  (  1989)  provide  details  on 
the  GEOSAT  ice  products  and  NPOC's  use  of  them. 
The  altimeter's  all-weather  capability  has  been  an  im¬ 
portant  addition  to  the  NPOC  databases,  since  cloud 
cover  can  drastically  curtail  visible  and  IR  viewing, 
and  passive  microwave  data  has  coarser  resolution. 
Hawkins  and  Lebanon  (  1989)  present  several  illustra¬ 
tions  that  show  GEOSAT  along-track  ice  index  values 
superimposed  on  satellite  images.  They  clearly  indicate 
the  ice  index's  ability  to  delineate  the  ice  edge,  and 
suggest  that  the  index  may  he  sensitive  to  ice  concen¬ 
tration  or  ice  type.  Ongoing  NORDA  research  efforts 
are  aimed  at  investigating  this  possibility,  and  at  ex¬ 
tracting  additional  sea-ice  information  from  the  altim¬ 
eter  waveform  data  (e.g..  Chase  and  Holyer  1988  ). 

b.  Mesoscale  results 

The  GOAP  mesoscale  analyses  comprise  a  large  da¬ 
taset.  from  which  statistics  on  Gulf  Stream  and  ring 
positions  and  velocities  can  be  obtained.  Comparisons 
with  other  datasets  tend  to  confirm  the  accuracy  of  the 
GOAP  results.  The  relative  contributions  of  altimetry . 
IR.  and  analyst  estimates  to  the  GOAP  mesoscale 
analyses  vary,  but  average  about  one-third  each.  Al¬ 
timetry  contributes  as  much  information  as  IR  imag¬ 


ery.  so  it  is  clearly  an  important  addition  to  the  analyst's 
list  of  information  sources.  Some  of  the  problems  en¬ 
countered  in  using  altimeter  data  are  summarized  later 
in  this  section. 

The  mean,  standard  deviation,  and  extreme  posi¬ 
tions  of  the  Gulf  Stream  during  the  period  March  1 986 
through  November  1987.  as  derived  from  the  GOAP 
mesoscale  analyses,  are  presented  in  Fig  1 5.  The  data 
are  consistent  with  data  recently  published  by  Auer 
(  1987).  The  two-tiered  Gulf  Stream  shows  east-west 
trends  along  38°N  from  71  °  to  65r\V  and  along  40°N 
from  62°  to  50°W.  The  Gulf  Stream's  northward 
movement  occurs  in  the  wake  of  the  New  England 
Seamount  Chain. 

The  mesoscale  products  have  been  compared  qual¬ 
itatively  with  similar  products  from  NEOC.  Portions 
of  the  Gulf  Stream  pass  over  inverted  echo  sounder 
(IES)  installations  maintained  by  the  Regional  Ener¬ 
getics  Experiment  (  REX  )  (  Mitchell  et  al.  1987 ).  There 
were  two  IES  arrays,  deployed  across  the  historical 
mean  Gulf  Stream  path  near  67°  and  58°  W.  Teague 
and  Hallock  (  1989  )  used  the  IES  measurements  to  es¬ 
timate  the  Gulf  Stream's  position.  Their  analysis  was 
based  on  a  procedure  used  by  Watts  and  Johns  (  1982). 
Preliminary  results  of  a  comparison  of  IES  and  GOAP 
analyses  are  presented  in  Table  3.  “Good  agreement" 
means  within  20  km:  “favorable  agreement"  means 
20-50  km  displacement.  This  table  shows  at  least  fa¬ 
vorable  agreement  between  the  IES  and  GOAP  analyses 
in  79  percent  of  the  overall  data,  with  75  percent  agree¬ 
ment  east  of  the  New  England  Seamounts  and  83  per¬ 
cent  agreement  west  ofthe  seamounts. 

Table  4  contains  information  that  shows  the  relative 
importance  of  altimetry.  IR.  and  estimates  for  deter¬ 
mining  the  position  ofthe  Gulf  Stream's  north  wall. 
The  monthly  percentages  were  derived  from  the  Navy 
messages  prepared  at  NORD  A  ( the  alphanumeric  me¬ 
soscale  products),  which  include  latitudes  and  longi- 
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T V8LL  3.  Comparison  of  GEOSAT  Ocean  Applications  Program 
and  Inverted  Echo  Sounder  analyses* 
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*  Information  courtesy  of  W.  J.  Teague. 


tudes  of  points  on  the  Gulf  Stream  north  wall  from 
75°  to  50°W.  Table  4  lists  the  percentage  of  points  in 
1  month's  messages  derived  from  1R  imagery,  altime¬ 
try.  or  estimates.  The  values  do  not  directly  give  per¬ 
centages  of  Gulf  Stream  length  identified  by  each  tech¬ 
nique. 

The  altimeter  consistently  contributed  to  the  prep¬ 
aration  of  the  mesoscale  product:  the  relative  size  of 
the  contribution  depended  on  the  quantity  of  cloud- 
free  IR  imagery  available  and  the  amount  of  altimetry 
data  recovered.  Due  to  changes  in  GEOSAT  that  occur 
as  the  spacecraft  travels  from  darkness  into  sunlight, 
the  altimeter  occasionally  does  not  acquire  lock  on  its 
return  signal  until  after  it  passes  the  GOAP  demon¬ 
stration  area.  (This  problem  primarily  affected  de¬ 
scending  tracks  in  the  Northern  Hemisphere.)  I  he  al¬ 
timeter's  contribution  to  the  mesoscale  product  was 
relatively  constant  at  about  one-third  of  the  informa¬ 
tion.  but  varied  from  a  low  of  24  percent  in  June  and 
July  1987  to  a  high  of  38  percent  in  May  1986.  The 
contribution  from  IR  imagery  had  a  higher  variability, 
from  23  percent  in  February  1987  to  54  percent  and 
55  percent  in  July  1987  and  June  1986.  respectively. 

Although  atmospheric  frontal  passages  tend  to  leave 
clear,  dry  areas  as  they  pass,  during  the  winters  of  1 986 
and  1987  the  fronts  appeared  to  stall  before  leaving 
the  GOAP  area,  causing  portions  of  the  Gulf  Stream 
to  be  cloud-covered  for  long  periods  and  decreasing 
the  contribution  of  the  IR  imagery  to  the  mesoscale 
product.  During  the  summer,  clouds  and  high  atmo¬ 
spheric  water-vapor  content  hamper  the  computation 
of  accurate  sea-surface  temperature  values.  Neverthe¬ 
less.  atmospheric  conditions  change  fast  enough  to  give 
the  analyst  more  information  from  the  IR  imagery 
during  summer  than  winter.  Although  exact  temper¬ 
atures  and  minor  thermal  changes  are  not  visible,  the 
Gulf  Stream's  north  wall  can  be  located.  The  amount 
of  information  prov  ided  by  IR  imagery  to  a  mesoscale 
product  av  eraged  approximately  one-third  of  the  total. 

The  “estimated"  portion  of  the  mesoscale  product 
also  depended  on  the  amount  of  IR  imagery.  During 
periods  when  more  IR  images  were  available  the  esti¬ 
mated  portion  decreased,  and  vice  versa.  A  single  al¬ 
timeter  point  located  on  the  Gulf  Stream  north  wall 
helped  the  analyst  to  estimate  how  the  Gulf  Stream 
moved  in  a  cloudy  area. 


The  GEOSAT  orbit's  ground-track  laydown  does 
not  provide  synoptic  coverage,  as  discussed  in  section 
4e  and  illustrated  by  Fig.  3.  It  is  entirely  possible  for 
the  altimeter  to  miss  mesoscale  rings  for  days  or  even 
weeks,  and  even  if  the  altimeter  observes  a  feature  the 
ground-track  pattern  may  not  intersect  that  feature 
again  for  an  extended  period.  So.  there  may  be  only 
one  cross  section,  through  any  part  of  the  feature,  as 
evidence  for  the  feature  w  hen  the  analysis  is  performed. 

As  Figs.  1 1  through  13  illustrate,  the  mesoscale  fea¬ 
tures  do  not  always  appear  as  obvious  choices  to  the 
analyst.  Section  4e  pointed  out  that  much  variability 
in  signal  similarity  arises  from  the  angle  at  which  the 
GEOSAT  pass  crosses  the  Gulf  Stream.  Water  vapor 
may  also  affect  the  selection  of  mesoscale  features.  The 
appearance  of  an  individual  CCR  or  WCR  also  varies 
depending  on  the  portion  of  the  ring  that  the  pass 
crosses.  Crossing  a  ring  edge  results  in  a  smaller  signal 
(in  both  extent  and  amplitude)  than  crossing  a  ring 
center.  Because  a  ring's  size  and  strength  change  with 
age.  the  SSH  signal  also  varies  with  a  ring's  age.  It  is 
important  to  note  that  young  rings  include  moving 
water  around  their  perimeters,  reflected  in  the  SSH  as 
part  of  the  ring,  w  hich  does  not  have  the  same  prop¬ 
erties  as  water  in  the  ring's  true  intenor.  Geoid  errors 
also  distort  the  altimetric  signal,  as  the  frequent  pres¬ 
ence  of  clouds  diminishes  the  utility  of  IR  images. 

During  the  first  1 8  months  of  GEOSAT  the  ground 
tracks  defined  a  tightly  spaced  global  mesh,  but  the 
nonrepeating  ground  track  pattern  did  not  allow  the 
clear  separation  of  the  geoid  from  the  instantaneous 
topographic  components  of  sea  level,  except  in  areas 
where  a  gravimetric  geoid  was  known.  One  reason  for 


Txble  4.  Gulf  Stream  north  wall  monthly 
statistics  from  GEOSAT  mesoscale  maps. 
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the  choice  of  the  GOAP  mesoscale  test  area  was  the 
existence  of  a  high-quality  geoid  for  the  northwest  At¬ 
lantic  Ocean.  The  satellite's  ground  track  repeats  almost 
exactly  every  17  days  during  the  ERM.  so  an  analyst 
can  use  an  along-track  ensemble  mean  "surface”  w  here 
no  precise  geoid  is  available. 

6.  Conclusions 

The  GEOSAT  altimeter's  all-weather  capabilities 
and  its  received  pulse's  relationship  to  several  geo¬ 
physical  parameters  make  it  a  desirable  sensor  for 
oceanographic  and  meteorological  investigations.  Sur¬ 
face  wind  speed  and  significant  wave  height  are  pro¬ 
duced  with  minimal  processing  from  the  shape  and 
power  of  the  return  microwave  pulse.  An  ice  index 
related  to  the  presence  or  absence  of  ice.  and  therefore 
the  sea  ice  edge,  can  also  be  generated  from  the  reflected 
microwave  pulse.  Significant  ocean  currents  produce 
a  variable  sea  surface  topography  that  is  easily  mea¬ 
sured  by  the  GEOSAT  altimeter. 

The  GEOSAT  altimeter’s  microwave  pulse  is  af¬ 
fected  by  atmospheric  water,  but  the  degradation  is  not 
so  great  that  Gulf  Stream  mesoscale  featuies  are  not 
identifiable.  Although  atmospheric  water  vapor  signals 
are  indistinguishable  from  the  oceanographic  signal, 
they  are  smaller  than  the  signals  that  oceanographic 
features  produce  in  the  GOAP  area.  In  other  areas  this 
would  not  be  the  case,  and  a  water  vapor  correction 
would  probably  be  needed  ( Phoebus  and  Hawkins 
1990).  If  clouds  are  present,  the  SSH  residuals  may 
yield  the  only  certain  mesoscale  feature  positions  in 
the  mesoscale  map. 

An  added  capability  of  the  SSH  residual  is  the  ability 
to  detect  the  surface  topographic  manifestation  of  me¬ 
soscale  features  having  no  surface  IR  expression.  Che¬ 
ney  (  1982 )  points  out  that  dynamic  height  is  largely  a 
function  of  thermocline  depth,  and  found  that  there  is 
a  high  correlation  between  dynamic  height  and  the 
depths  of  the  1 5°C  isotherm,  the  1 7.5°C  isotherm,  and 
the  temperature  at  750  m.  The  possibility  of  inferring 
subsurface  thermal  structure  from  sea  surface  topog¬ 
raphy  was  also  noted  by  Khedouri  et  al.  ( 1983). 

During  the  GOAP  operational  demonstration,  sig¬ 
nificant  wave  height  and  surface  wind  speed  were  pro¬ 
cessed  and  transmitted  automatically  to  FTMOC  to  be 
used  as  input  data  and  quality  control  information.  Ice 
index  values  were  plotted  and  the  graphics  transmitted 
to  the  Joint  Ice  Center  in  Suitland.  Maryland,  to  aid 
in  the  identification  of  the  sea  ice  edge.  Sea  surface 
height  residuals  were  processed  daily  and  analyzed 
tw  ice  each  week  to  generate  a  Gulf  Stream  region  me¬ 
soscale  map. 

The  validity  of  the  mesoscale  map  is  based  on  the 
interpretation  of  SSH  residual  patterns  as  oceano¬ 
graphic  features.  The  effectiveness  of  the  interpretation 
is  presented  in  numerous  comparisons  of  SSH  residuals 


and  satellite  IR  imagery  ,  in  fact,  the  SSH  residuals  and 
IR  imagery  are  used  in  concert  with  in  situ  temperature 
profiles  to  generate  the  most  accurate  mesoscale  map 
possible.  Statistics  from  a  time  series  of  these  mesoscale 
maps  indicate  that  satellite  IR  imagery  and  GEOSAT 
SSH  residuals  each  contribute  approximately  one-third 
of  the  information  for  any  mesoscale  map.  The  re¬ 
maining  one-third  is  analyzed  subjectively  . 

Oceanographic  information  derived  from  GEOSAT 
altimetry  has  already  proven  to  be  of  value  in  depicting 
mesoscale  circulation  and  significant';,  increasing  the 
quantity  of  ice  edge  information  available.  The  altime¬ 
ter's  ability  to  provide  oceanographic  information  when 
other  sensors  suffer  from  impaired  viewing  further  in¬ 
creases  its  value.  NORD.A  is  beginning  to  extend  the 
techniques  developed  for  GOAP  to  other  portions  of 
the  world  ocean,  and  is  developing  assimilation  tech¬ 
niques  to  use  altimeter  data  more  directly  in  numerical 
models.  Many  other  researchers  are  reporting  a  variety 
of  work  w  ith  GEOSAT  data.  The  research  studies  and 
applications  based  on  GEOSAT  data  clearly  demon¬ 
strate  the  altimeter's  usefulness  as  a  tool  to  collect 
timely,  accurate  oceanographic  information. 
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The  Impact  of  the  Wet  Tropospheric  Correction  on  the  Interpretation 
of  Altimeter-Derived  Ocean  Topography  in  the  Northeast  Pacific 

Patricia  A.  Phoebus'  and  Jeffrey  D  Hawkins 
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Atmospheric  water  vapor  data  derived  from  the  special  sensor  microwave  imager  iSSM  I)  are  used 
to  make  time-coincident,  wet  tropospheric  range  corrections  to  Geosat  altimeter  data  in  the  northeast 
Pacific.  The  original  and  corrected  sea  surface  height  residuals  along  numerous  tracks  arc  examined  to 
determine  the  impact  of  water  vapor  on  the  altimeter  signal.  Mesoscale  feature  analyses  of  corrected 
and  uncorrected  altimeter  data  are  used  to  assess  the  impact  of  water  vapor  path  lengthening  in  areas 
of  low  sea  surface  height  variability .  Results  indicate  that  the  horizontal  spatial  variations  in  the  water 
vapor  height  corrections  are  frequently  similar  to  true  oceanographic  gradients.  Interpretation  of 
altimeter  data  is  affected  in  several  ways.  The  unaccounted-for  presence  of  atmospheric  water  vapor 
may  mimic  or  mask  the  true  ocean  features,  and  even  small  changes  in  the  water  vapor  over  short 
spatial  scales  can  enhance  a  partially  obscured  feature.  Analy  ses  of  all  Geosat  tracks  crossing  the  area 
of  interest  in  September  1987  clearly  illustrate  that  water  vapor  frequently  contaminates  the  ocean 
topography  measurements,  making  the  water  vapor  adjustment  critical  before  the  altimeter  data  can  be 
successfully  used  to  locate  and  identify  mesoscale  ocean  features  Furthermore,  the  SSM  1  and  Geosat 
data  must  be  closely  matched  in  both  space  and  time,  a  difficult  task  since  it  lakes  5.5  days  to  obtain 
global  SSM/I  coverage  with  one  operational  sensor.  To  optimize  the  mesoscale  oceanographic 
application  of  altimeter  data,  a  bore-sighted  radiometer  should  be  included  on  all  altimeter  spaceborne 


platforms. 

Introduction 

The  n  S  Navy  Iponohe^  a  i-adim  altimeter  aboard  the 
Geosat  platform  on  March  12.  1985.  Its  primary  mission  was 
to  provide  the  data  needed  to  precisely  map  the  Earth's 
geotd  over  the  oceans  \McConathy  and  Kilgus,  1987],  How¬ 
ever.  because  the  altimeter  measures  the  ocean  topography 
and  other  parameters  along  its  track,  it  also  provides  impor¬ 
tant  and  useful  oceanographic  data.  For  example,  the  Naval 
Ocean  Research  and  Development  Activity  (NORDA). 
through  the  Geosat  Ocean  Applications  Program  (GOAP). 
used  the  sea  surface  height  (SSH)  data  to  successfully  locate 
mesoscale  fronts  and  eddies  in  the  Gulf  Stream  regton 
[Lybanon  and  Croat.  1987].  Nevertheless,  significant  mesos¬ 
cale  oceanographic  features  are  found  in  many  parts  of  the 
world.  We  want  to  determine  whether  or  not  mesoscale 
altimeter  data  analysis  can  be  extended  to  areas  where  the 
SSH  variability  is  not  as  pronounced. 

One  such  area  is  the  northeast  Pacific.  There  are  several 
weak  fronts  in  this  area  with  dynamic  height  perturbations  of 
5-15  cm  over  1 00—300  km  [Roden  and  Robinson.  1988], 
NORDA  is  involved  in  an  extensive  northeast  Pacific 
(NEPAC)  research  project  coupling  real-time  data  analysis, 
remote  sensing,  and  ocean  prediction  and  acoustic  modeling 
efforts.  Our  role  in  this  project  is  to  determine  the  usefulness 
of  remotely  sensed  data  (both  infrared  imagery  and  altimeter 
data)  for  locating  mesoscale  fronts  and  eddies.  Because  the 
SSH  gradients  in  this  area  are  weak,  the  potential  altimeter 
error  sources  arc  more  critical.  Of  these,  the  mam  error  th.it 
is  unaccounted  for  is  the  apparent  path  lengthening  created 

'Now  at  Naval  Oceanographic  and  Atmospheric  Research  1  ah 
oratory.  Atmospheric  Directorate.  Monterey.  California 
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by  the  columnar  atmospheric  water  vapor,  also  referred  to  as 
the  vertically  integrated  water  vapor  or  precipnable  water 
(hereinafter  referred  to  as  WV).  This  error  potentially  occurs 
over  the  same  length  scale  as  mesoscale  ocean  features. 

The  presence  of  WV  increases  the  time  it  takes  the  radar 
pulse  to  pass  through  the  atmosphere  to  the  ocean's  surface 
and  return.  Since  the  distance  to  the  surface  is  computed  as 
a  function  of  this  transit  time,  when  WV  is  present  the  ocean 
surface  appears  farther  away  than  it  actually  is.  resulting  in 
a  SSH  estimate  that  is  too  low.  Furthermore,  it  sharp 
horizontal  gradients  are  present  in  the  WV  distribution,  the 
apparent  shape  of  the  ocean's  surface  along  the  altimeter 
track  may  be  significantly  altered,  and  WV  gradients  mav  be 
mistakenly  interpreted  as  actual  mesoscale  ocean  features. 
In  contrast,  if  abrupt  WV  changes  occur  at  approximately 
the  same  location  as  the  ocean  features  of  interest,  then  the 
WV  gradients  may  counteract  the  slope  of  the  ocean  topog¬ 
raphy.  thereby  masking  or  obscuring  the  true  feature's 
signal.  Early  results  from  a  few  selected  cases  suggest  that 
the  presence  of  WV  may  seriously  hinder  the  application  of 
altimeter  data  for  mesoscale  oceanography  in  areas  of  rela¬ 
tively  weak  ocean  signals  | Phoebus  and  Hawkins.  1988) 
Thus  the  purpose  of  this  paper  is  to  look  in  more  detail  at 
high-resolution  WV  data  in  the  NEPAL  region  and  deter¬ 
mine  how  the  WV  alters  the  true  mesoscale  ocean  signal  and 
affects  detection  and  interpretation  of  ocean  features. 

Columnar  water  vapor  data  have  been  provided  b\  satel¬ 
lite  passive  microwave  sensors  since  the  launch  of  Nimbus  ' 
in  1972.  Measurements  from  the  electrically  scanning  micro- 
wave  radiometei  provided  information  with  an  estimated 
accuracy  of  4.2  kg  m  ‘  lor  the  derived  WV  I.Srnchn  < ;  al 
|976|  WV  data  from  the  scanning  multichannel  microwave 
radiometer  tSMMR).  launched  on  Nimbus  '  in  |9~8.  pro 
v  ided  observ  ations  at  a  horizontal  resolution  of  'll  km  w  it h  a 
sV  .c  .,  -  1 1 1.  uiwi  i-r».  \ . i '  in.'.'mi'si  its  dgorithm  develop 

rnent  ami  sensor  performance  resulted  in  rm s  enors  of 
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2.1  kg  m  '  kg  m  -  when  compared  wiih  independeni 
radiosonde  observations  \Chanv  et  ul..  19X4|.  A  SMMR  was 
also  flown  on  board  Seasat.  which  during  its  short  life  (3 
months)  provided  the  only  same-track  measurements  of 
ocean  topography  and  WV  data.  Finally,  the  special  sensor 
microwave  imager  (SSM  1)  on  board  the  polar-orbiting  De¬ 
fense  Meteorological  Satellite  Program  tDMSP)  platform 
has  provided  WV  measurements  at  25-km  resolution  within 
1394-km  swaths  since  June  1987.  This  is  bv  far  the  most 
comprehensive  spatial  coverage  of  the  global  atmospheric 
moisture  data  av  ailable  to  dale.  The  accuracy  of  these  data  is 
estimated  at  2.4  kg  m  -  globally  I Alishouse  ct  ul..  1990). 
While  this  accuracy  is  slightly  worse  than  that  specified  for 
the  SSMR.  the  SSM  1  has  been  in  orbit  a  much  shorter  time 
and  thus  has  a  smaller  data  base  from  w  hich  to  determine  the 
accuracy  of  the  observations. 

Many  studies  have  used  remotely  sensed  WV  data  to 
describe  atmospheric  moisture  fields  over  large  space  and 
time  scales  \Chani;  ft  ul..  1980:  Chelton  ft  ul..  1981;  Xjoktt 
and  Swanson.  1983:  Short  and  Prabhakttra.  1984).  While 
these  types  of  studies  are  useful  for  climatic  and  modeling 
applications,  they  do  not  address  our  specific  needs.  Only  a 
few  efforts  have  been  made  to  analyze  WV  using  the 
temporal  and  spatial  scales  appropriate  for  oceanographic 
mesoscale  applications.  Askne  ft  ul.  |  I98b|  used  atmospheric 
modeling  techniques  to  estimate  the  altimeter  path  delay  due 
to  WV.  Hawkins  and  Smith  [  I986|  used  Seasat  SMMR  data 
to  show  that  the  change  >n  the  altimeter  path  length  due  to 
WV  alone  can  be  20-400  as  large  as  the  Gulf  Stream  front 
and  eddy  signals  and  that  these  gradients  can  occur  over  the 
same  time  and  space  scales  as  the  features  themselves.  More 
recently.  Monuldo  (this  issue)  extensively  analyzed  Seasat 
SMMR  WV  gradients  over  spatial  scales  from  100  to  300  km 
for  much  of  the  world's  oceans,  while  Bisuyni  [1989]  used  a 
limited  data  set  to  compare  model-predicted  WV  (after 
Saastumoinfn.  1972 1  w  ith  data  from  raw  insondes  in  the  area 
near  69C»V.  27‘N  at  spatial  scales  up  to  500  km.  Both 
Monaldo  and  Bisagni  concluded  from  their  statistical  studies 
that  WV  height  corrections  do  not  play  a  major  role  in  the 
interpretation  of  mesoscale  ocean  features  on  their  scales  of 
interest,  primarily  for  signals  of  at  least  10  cm  per  100  km 
Furthermore,  neither  of  these  studies  rigorously  attempted 
to  relate  the  presence  of  atmospheric  frontal  systems  to  the 
WV  gradients. 

Our  study  takes  a  somewhat  different  approach  by  looking 
at  the  impact  of  actual  wet  tropospheric  corrections  made  to 
real  altimeter  SSH  residuals.  We  pay  particular  attention  to 
the  relationship  between  the  atmospheric  fronts  and  the 
associated  WV  fields,  focusing  on  changes  in  the  oceano¬ 
graphic  signal  that  are  as  small  as  5  cm  per  100  km.  Since  our 
interest  is  in  the  near-real-time  location  of  mesoscale  ocean 
features,  our  primary  concern  is  how  the  wet  tropospheric 
correction  alters  the  interpretation  of  individual  tracks.  In 
this  regard,  our  study  is  unique,  which  may  explain  why  our 
conclusions  differ  from  previous  studies. 

To  satisfy  the  need  for  high-resolution  WV  data,  we 
compute  precipitable  water  from  the  SSM  1  brightness  tem¬ 
peratures.  which  provide  .  a  nearly  instantaneous  picture  of 
the  WV  variability  within  or,  individual  swath.  The  WV  data 
are  objectively  analyzed  along  individual  Geosat  tracks  and 
are  used  to  make  realistic  wet  tropospheric  range  corrections 
to  the  altimeter  SSH  measurements  (  valuation  of  the  WV 
corrections  along  each  track  allows  us  to  identilv  large  WV 


gradients,  classify  them  according  to  their  magnitude  and 
range,  and  determine  the  frequency  with  which  they  occur 
on  the  same  time  and  space  scales  as  the  ocean  feature  of 
interest.  In  addition,  by  analyzing  the  SSH  data  both  before 
and  after  the  wet  tropospheric  correction  is  applied,  we  can 
quantify  how  frequently  the  presence  of  WV  changed  the 
physical  interpretation  of  the  altimeter  data.  The  data 
sources,  analysis  methods,  results,  and  conclusions  are 
presented  in  the  following  sections. 

Svttt  nil  Dm  \  Sot  ri  is 

A!  time  ter  Data 

The  March  1985  Geosat  launch  represented  the  first  l  S. 
altimeter  in  space  since  the  short-lived  Seasat  mission. 
Numerous  Seasat  studies  had  looked  into  v  arious  aspects  of 
oceanographic  mesoscale  and  monthly  signals  and  variabil¬ 
ity  [Cheney.  1982;  Bernstein  et  ul..  1982:  \lcthiril.  198': 
Thompson  et  ul..  1983).  but  they  were  limited  due  to  the 
3-month  data  base.  Geosat  i similar  in  most  respects  to  the 
Seasat  alnmeteri  thus  provided  the  extended  time  series 
required  to  determine  the  long-term  basin-scale  oceanic 
changes.  More  importantly  for  this  study,  it  provided  a 
continuous  ground  track  of  reliable  SSH  measurements  that 
could  be  used  to  help  locate  ocean  fronts  and  eddies. 
Unfortunately.  Geosat  is  a  single-sensor  satellite  that  pro¬ 
vides  measurements  of  ocean  topography  only  and.  unlike 
Seasat.  does  not  produce  coincident  WV  measurements 

The  GOAP  at  NORDA  was  the  first  effort  to  routinely 
process  and  analyze  altimeter  data  in  real  time  and  follow  up 
the  natural  evolution  begun  with  earlier  Seasat  Gulf  Stream 
work  \Cheney.  1982).  Figure  l<;  exhibits  the  l~-day  repeat 
track  spacing  available  as  part  of  the  Geosat  F.xact  Repeat 
Mission.  Altimeter  data  along  these  tracks  were  used  in  the 
GOAP  studv  in  conjunction  with  satellite  infrared  imagery 
and  available  in  situ  observations  to  extract  Gulf  Stream 
front  and  eddy  information  [l.yhanon  and  ('rout.  |98"|. 
Weekly  maps  of  ocean  frontal  features  were  generated  bv 
extracting  the  30-  to  150-cm  signals  associated  with  vvarm- 
and  cold-core  rings  and  the  north  and  south  wall  of  the  Gulf 
Stream. 

Error  sources  l  iable  I  (after  l.xhanon  and  (  rout.  |9S~|i 
were  not  normally  a  significant  hurdle  to  overcome,  since 
Gulf  Stream  ocean  signals  were  dominant  in  magnitude 
within  the  mesoscale  spatial  domains.  Some  problems  were 
noted  with  ring  detection  [Hankins  and  Smith.  19Xr>|.  par- 
ticularlv  older  cold-core  rings  that  maintained  faint  signals 
and  rings  that  were  sampled  near  their  edges  rather  than 
across  their  centers.  However,  sufficient  corrections  were 
generally  made  to  permit  accurate  interpretation  of  the  data, 
especially  n  this  major  western  boundary  current  regime 
However,  the  main  purpose  of  this  paper  is  to  report  the 
impact  of  wet  tropospheric  corrections  on  SSH  v.dues  in  a 
region  of  very  weak  ocean  frontal  signatures,  particularlv . 
for  the  NFPAU  area  along  the  Geosat  tracks  shown  in  1  igure 
lb.  Since  it  is  generallv  accepted  lhai  the  altimeter  SSH 
measurements  exhibit  an  engineering  noise  level  near  '  sm 
) Suiliir  and  I  eSt  hark.  I987|.  it  should  be  possible  to  detect 
ocean  features  that  exhibit  weaker  signals  than  those  in 
western  boundurx  currents,  particularlv  it  the  correction  lot 
the  \\  \  can  be  made 

I  he  Geosat  data  are  telemetered  to  the  Farth-ieceiving 
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Fig.  I  Geos.il  1 7-dav  repeat  tracks  from  the  Exact  Repeal 
Mission,  f«>  The  GOAP  research  area  is  outlined  in  the  northwest 
Atlantic  lb)  Geosal  tracks  in  the  NEPAC  research  area,  let  Mean 
surface  profile  computed  along  Geosat  track  A58. 


station  at  the  Applied  Physics  Laboratory  Johns  Hopkins 
University,  twice  daily.  Minor  processing  is  done  before  the 
data  records  are  transmitted  to  NORDA  and  the  Naval 
Oceanographic  Office  at  Stennis  Space  Center.  Minimal 
processing  produces  ocean  surface  wind  speed,  significant 
wave  height,  and  sea  ice  products  that  are  relayed  to  the 
F  leet  Numerical  Oceanography  Center  in  Monterey,  Califor¬ 
nia.  More  accurate  ephemens  data  from  the  Navy  Astronau¬ 
tics  Group  arrive  within  24  hours  and  are  then  incorporated 
to  help  produce  SSH  height  values.  The  mean  surface  along 
a  repeat  hack  is  uetermined  by  averaging  data  from  multiple 
passes  along  the  same  track  (usually  over  a  period  of  at  least 
I  year).  The  mean  surface  is  then  subtracted  from  the 
individual  tracks  to  form  SSH  residuals.  Corrections  are  also 
made  for  orbit  errors,  and  the  tilt  and  bias  are  removed  from 
the  SSH  residual  data  before  they  are  used  for  mesoscale 
interpretation. 

Note  that  the  computation  of  residuals  by  subtracting  a 
mean  surface  from  the  altimeter  data  removes  not  only  the 


TABLE  I  Geosat  Measurement  Uncertainty 


Uncertainty 

UD 

Error  Source 

Baseline 

Mission. 

cm 

Extended 

Mission. 

cm 

Wavelength 
of  Error, 
km 

Instrument  noise 

Altimeter 

:.o 

2.0 

Bias  drift 

2.0 

2.0 

manv  davs 

Time  lag 

0.2 

0.2 

20.000 

Tracker  bias 

2.0 

2.0 

200-1.000 

Electromagnetic  bias 

Media 

:.o 

2.0 

200-1  .000 

Skewness 

1.0 

1.0 

200-1.000 

Troposphere (dry) 

0.7 

0.7 

i  .ooo 

Troposphere  iwetl 

M) 

3.0 

200 

Ionosphere 

4  0 

4.0 

•  1 ,000 

Gravitv 

( )rbil 

80.0 

50.0 

>10.(88) 

GM 

2.0 

2.0 

10.000 

Atmospheric  drag 

10.0 

10.0 

10.(88) 

Troposphere 

1.0 

1.0 

10.(88) 

Solar  radiation  pressure 

10  0 

5.0 

10.(88) 

Earth  albedo 

2.0 

1.0 

10.(88) 

Earth  or  ocean  tides 

1.0 

1.0 

10.(88) 

Station  or  spacecraft  clocks 

10.0 

10.0 

10.(881 

Higher-order  ionosphere 

5.0 

5.0 

10.(88) 

Root  Sum  of  Squares 

83.0 

54.0 

Major  assumptions  for  the  baseline  miss, on  are  ill  TRANET 
tracking  system.  40  stations:  (2)  TRANET  ground  station  oscillators 
perform  to  specifications:  (3)  altimeter  data  averaged  over  I  s.  (4i 
H  |  i  =  2  m.  wave  skewness  =  0. 1 :  (5)  limited  tuning  of  gras  uy  ring 
with  Geosal  TRANET  data.  (6)  800-kilometer  altitude:  i'i  No 
anomalous  data  and  no  rain:  181  *3  mbar  surface  pressure  from 
weather  charts:  and  |9)  100-gs  spacecraft  clock  Major  assumptions 
for  the  extended  mission  are  the  same  as  for  the  baseline  mission, 
but  with  (I)  improved  gravity,  station  location,  and  drag  models 
based  on  Geosat  tracking  and  1 2 )  use  of  water  vapor  correction  from 
SSM  I 


geoid  but  also  the  mean  circulation.  This  does  present  the 
possibility  that  the  residual  circulation  signal  is  somewhat 
reduced  if  it  coincides  with  the  mean  circulation  in  the  area. 
How  often  this  actually  occurs,  we  cannot  say.  However, 
this  method  for  computing  the  residuals  seems  to  be  the  least 
worrisome.  If  two  collinear  tracks  were  differenced,  then  we 
would  have  to  be  concerned  about  the  effect  of  WV  path 
lengthening  on  both  tracks  if  a  synthetic  geoid  were  used, 
then  we  would  need  to -address  the  errors  in  the  model  used 
to  produce  the  geoid.  An  example  of  the  mean  surface  in  the 
NEPAC  area  is  shown  in  Figure  It .  Note  that  the  scale  of 
the  gradient  associated  with  this  mean  surface  is  several 
orders  of  magnitude  larger  than  that  used  to  distinguish 
ocean  fronts  in  this  area. 

Water  Vapor  Data 

The  SSM.'I  is  a  seven-channel,  four-frequency  ( 19.  22.  J7. 
and  85  GHz),  passive  microwave  sensor  flown  aboard  the 
polar-orbiting  DMSP  platform  | Hollingcr.  |989|  The  1 394- 
km  swath  (roughly  twice  that  of  preceding  sensors i  and 
high-resolution  spot  sizes  (Table  2)  indicate  several  advan¬ 
tages  this  sensor  has  over  the  SMMR  flown  on  Seasat  and 
Nimbus  7  However,  even  the  large  SSM  1  sc, in  requires  <  ' 
davs  to  fully  cover  the  global  oceans,  thus  leaving  data  gaps 
over  shorter  lime  frames 
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TABU’  2  SSM  I  Channel  Spali.il  Re m>Iii non¬ 


Channel 
Frequence . 
C.Hz 

Pokii  i/cttton 

effective 
Field  ol 

A  iew . 
km 

Scene 

Station 

Spacing 

kir 

|9  A  NO 

v  criic.il 

----- 

2^  o 

horizontal 

xx.  | 

25.0 

::  :.v> 

\  ertical 

4S  6 
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graphic  environmenial  parameters:  sea  lee  ledge,  concentra¬ 
tion.  and  distinction  between  first-year  and  multi' ear  ice). 
WV.  surface  wind  speed,  cloud  liquid  water,  ram  rate.  etc. 
The  SSM  I  channels  are  particular!}  well  suited  to  retrieve 
total  columnar  or  verticallv  integrated  WV  as  noted  by  the 
long  heritage  of  similar  space  sensors.  The  SSM  I  s  superior 
25-km  resolution  should  permit  the  best  depiction  vet  of  the 
horizontal  variations  in  the  WV  distribution  associated  with 
atmospheric  frontal  systems. 

Past  efforts  to  validate  satellite-derived  WV  retrievals 
have  focused  on  the  use  of  ocean  weather  ship  and  island 
radiosondes  |  laxlnr  cr  til..  I S>S I :  /.;/><•  s.  19X2:  Clutm:  cr  al.. 
19X4;  Taplry  cr  ah.  1 9X4 1 .  I  his  data  base  is  typical!}  small 
and  requires  -pecial  efforts  to  gather  enough  temporal  and 
spatial  matchups  to  represent  a  significant  statistical  sample. 
Most  studies  include  less  than  100  radiosonde  versus  satel¬ 
lite  sensor  comparisons,  but  they  typically  indicate  that  the 
quality  of  the  remotely  sensed  WV  closely  matches  that  of 
the  radiosonde  values,  ihe  accuracy  of  the  radiosonde 
measurements  is  of  the  order  of  1.7  kg  m  •  \Taxlor  cr  al. 
I9XI|. 

Progress  in  sensor  and  algorithm  development  is  show n  by 
improved  performance  over  the  last  12  years  and  is  reflected 
in  ihe  high-  quality  DMSP  SSM  I  retrievals.  As  stated,  the 
latest  findings  of  AUshonsc  cr  al.  |I990|  show  that  a  global 
algorithm  now  provides  WV  to  an  accuracy  of  2.4  kg  m  \ 
Similar  findings  were  made  by  F  Wentz  (personal  commu¬ 
nication.  19X91.  who  has  processed  over  I  year  of  SSM  I  data 
tor  NASA  projects  and  computed  the  accuracy  of  Ihe  WV 
values  as  approximately  4  It  kg  m 

Ihe  Wentz  data  are  incorporated  in  our  study,  since  thev 
represent  the  first  lengthy  SSM  I  data  set  available  to  test  the 
capabilities  ol  this  sensor’s  wide  swath  and  high  spatial 
resolution  in  defining  WV  gradient-  that  may  adversely 
impact  altimeter  SSH  studies.  The  brightness  temperatures 
at  19  and  22  (iHz  were  combined  to  derive  Ihe  precipituble 
water  These  WV  measurements  im  kilograms  per  -quare 
meteri  were  converted  to  altimeter  wet  tropospheric  correc¬ 
tions  bv  multiply  ing  by  the  scalar  quantity  .  0.00f*3h  m  kg  1 
|  la[>lc\  ct  ah.  19X2)  Further  refinements  of  this  conversion 
factor  bv  comparison  with  a  larger  radiosonde  data  set 
indicated  little  change  in  the  value  selected,  especially  in 
mid-latitudes  | /«/>/,  \  ,  t  ah.  |9X4|  I  hlis  the  individual 
SSM  I  measurements  ol  the  precipituble  water,  i ringing  from 
under  It)  kg  m  to  over  AO  kg  m  were  changed  into 
altimeter  path  length  coirections  expressed  in  centimeters, 
extending  from  nc.n  •>  to  almost  40  cm 

I  here  is  onlv  a  -mall  error  inherent  in  this  method 
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Fig.  2  Sea  surtace  dvnainic  height  perturbations  irelalivc  to 
I5(>0  dhari  from  north  to  south  along  l  -s  \\  .  derived  from  in  -mi 
cruise  data  in  October  19"'  |,i|ier  KnJtn.  I‘*  i  A  1  .1  kg 
perturbation  is  equivalent  lo  In  cm  of  sea  surtace  height  Arrows 
indicate  tncsoscule  ocean  features 

Multiplying  the  rms  WV  error  (3.(1  kg  m  -i  by  0  IIOA  -A 
generates  a  SSH  correction  error  near  1 .9  cm.  This  measure¬ 
ment  inaccuracy  is  well  within  the  tolerance  needed  to  map 
the  0-  to  4(>-cm  WV  correction  within  the  NKPAC  grid 
sector.  Al'O.  since  the  conversion  factor  is  a  constant,  a 
direct  linear  relationship  exists  between  the  wet  tropo¬ 
spheric  correction  gradients  and  the  actual  gradients  in  the 
atmospheric  WV 

Dxr  \  Ax  vi  vsis 

The  NFPAC  area  is  a  suitable  location  for  testing  the 
limits  on  the  use  of  altimeter  data  for  detecting  mc'Oscale 
ocean  features.  Figure  2.  an  example  of  the  SSH  variabilitv 
in  this  area,  was  derived  from  in  situ  cruise  data  | Rt>Jcn. 
|97f|.  Several  fronts  can  be  identified  by  the  rather  sharp 
increase  in  the  height  perturbations  (front  north  to  south'  of 
less  than  10  to  near  30  cm  over  KHf-200  km.  Thus  the  SSH 
variability  here  is  small  compared  with  that  found  near  the 
Gulf  Stream,  wmeh  typically  contains  signals  of  50-1'U  cut 
over  the  same  distance. 

To  determine  how  WV  path  lengthening  affected  the 
usefulness  of  the  altimeter  data,  w  e  obtained  SSM  I  A3  V  data 
for  July -September  |9X~  and  also  for  portions  of  February 
I9XX.  This  data  set  provided  observations  from  summer, 
early  fall,  and  winter.  Several  cases  were  selected  for  study 
bv  using  the  sea  level-pressure  surface  analyses  from  the 
National  Meteorological  Center  iN'MO  to  identilv  days 
when  a  strong  atmospheric  front  was  present  in  the  area  of 
interest  Ihe  largest  AAA  gradients  ate  normally  associated 
with  such  atmospheric  frontal  systems  |  V/«  \liiniic  ami  A. <;r- 
Mirov.  1 9X5 1 .  so  the  selected  davs  provided  an  initial  look  at 
potential  worst  case  scenarios 

After  converting  the  AAA  data  to  AV  A  corrections,  the 
corrections  were  objectively  anab./ed  lo  produce  a  um- 
fiormlv  gridded.  two-dimensional  field  at  I  0  resolution.  The 
area  encompasses  30  lo  50  N  and  from  130  to  l“0  AA  This 
area  coincides  with  the  area  for  which  the  mean  surface  has 
been  computed  A  simple  objective  analysis  scheme  was 
used  for  the  interpolation,  where  the  weight  ot  each  data 
point  was  first  determined,  following  Owwrwri  ||9'9|.  from 

A’ '  </' 
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R  ■  ,/ 

where  R  is  the  specified  data  xe.uch  i.iduix.  ./  i-  the  distance 
ol  each  dala  pom!  from  the  analv-is  grid  point  and  »  is  ihe 
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Fig  3  Weighting  (unction  chosen  for  the  data  analysis  scheme 
«  =  i  R-  -  />  - 1 1  /?  -  -  /)-)  Contours  represent  the  weight  « 
computed  as  a  function  of  distance  />  from  a  sample  analysis  point 
at  30  N.  133  W.  given  a  search  radius  K  of  1.3 

relative  weight  assigned  to  each  data  point.  The  final  weights 
W,  are  computed  by  normalizing  the  relative  weights: 


r 

i  - 1 

w  here  .V  is  the  number  of  data  points  w  ithin  a  distance  R  of 
the  grid  point.  The  analyzed  WV  correction  V  at  the  grid 
point  is  then  determined  from  the  linear  combination 

\ 

1-^2  nr  .  (  (  3) 

i  i 

where  ; ,  is  the  computed  correction  and  A ,  is  its  associated 
weight  computed  in  (2). 

Newer,  more  sophisticated  analysis  techniques,  such  as 
optimum  interpolation,  are  difficult  to  apply  to  this  problem. 
Use  of  optimum  interpolation,  for  example,  requires  knowl¬ 
edge  of  the  proper  correlation  function  and  spatial  correla¬ 
tion  scales  of  the  target  field.  Although  meteorologists  have 
used  this  technique  for  years  to  analyze  atmosphere  mois¬ 
ture  (in  the  form  of  relative  or  specific  humidity  1.  they  use 
wind  speed  and  wind  direction  fields  to  specify  the  necessary 
statistical  functions  [/DtA/ego.  |9X9[.  Since  access  to  this 
kind  of  information  was  not  readily  available,  we  chose  the 
simple  scheme  described  above,  which  is  basically  a  nonlin¬ 
ear  inverse  distance-weighting  scheme  (Figure  3). 

As  long  .is  R  in  chosen  intelligently,  this  type  of  objective 
scheme  will  produce  interpolated  fields  that  are  smoother 
than  the  original  observations.  For  the  two-dimensional 
analysis.  R  was  selected  to  be  1.3  limes  the  grid  increment  of 
1.03  This  value  allows  sufficient  overlap  of  the  data  search 
areas  al  adjacent  grid  points  and  thus  does  not  induce 
subgrid-scale  features  into  the  data.  Rather  than  simply 
extrapolate  the  nearest  one  or  two  measurements  to  the 
given  location,  many  observations  are  incorporated  into  the 
analytical  solution  thus  the  amount  of  random  noise  is 
reduced,  and  the  resulting  fields  are  representative  ot  the 
grid  scale  being  analyzed 
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Fig.  4  Water  vapor  ( WVl  correction  field  analyzed  using  SSM  I 
vapor  data  from  0200  LT  to  I  MX)  I  T.  August  I .  I9X'  Contours  are 
every  3  cm.  Darker  shades  represent  higher  WV  content  I  he 
atmospheric  frontal  position  is  valid  at  0000  LT  on  the  same  day 

To  qualitatively  validate  the  analysis  scheme,  the  two- 
dimensional  WV  correction  fields  were  plotted  and  com¬ 
pared  with  the  NMC  surface  atmospheric  frontal  positions 
closest  in  time  to  the  SSM  I  data.  In  all  cases,  agreement 
between  the  maximum  WV  gradient  locations  and  the  posi¬ 
tions  of  the  atmospheric  fronts  was  extremely  close.  An 
example  (Figure  4)  shows  a  band  of  moist  air  along  (he  c  Id 
front,  which  wraps  around  and  behind  the  low  pressure- 
center  and  which  contrasts  sharply  with  the  cold,  dry  air 
behind  the  front.  This  pattern  is  exactly  what  would  be 
expected,  given  Bjerknes'  [1919)  classical  cyclone  model 
definition.  Similar  patterns  have  aiso  been  shown  quite 
clearly  in  studies  by  MeMurdie  and  Ktitsaros  |  1985],  Kutui- 
rns  and  Lewis  ||98b[.  and  MeMurdie  er  id.  |I98~]  I  his 
relationship  between  the  atmospheric  sy  stems  and  the  max¬ 
imum  WV  content  and  variability  was  observed  repeatedly 
in  our  data.  Thus  we  are  confident  that  the  analyzed  WV 
corrections  are  indicative  of  the  real-time  synoptic  atmo¬ 
spheric  moisture  patterns. 

Within  a  given  24-hour  period,  three  ascending  and  three 
descending  SSM  1  swaths  passed  either  completely  or  par¬ 
tially  through  the  NEPAC’  region.  While  the  exact  times  vary 
somewhat,  the  data  provided  by  descending  passes  were 
from  around  0200  LT  to  07(H)  LT  and  the  ascending  passes 
were  between  14(H)  IT  and  1900  LT  (Figures  \i  ,,nij  3/>i. 
The  time  separation  of  the  swaths  is  approximately  1.7 
hours.  As  illustrated,  there  are  data  coverage  gaps  as  far 
north  .is  34  N  Although  the  analysis  scheme  partially  tills  in 
the  data-void  areas,  it  cannot  extrapolate  information  anv 
farther  than  the  specified  search  radius,  which  is  approxi¬ 
mately  143  km.  Thus  in  some  cases,  data  from  both  the 
ascending  and  descending  swaths  were  blended  by  the 
analysis,  with  no  change  in  the  data  weights  as  a  function  of 
time.  I  his  procedure  improves  the  amount  of  coverage  in  the 
area  (Figure  5<  >  but  can  create  other  problems,  particularly 
if  the  atmospheric  system  is  rapidly  moving 

Figure  3  demonstrates  significant  differences  between  the 
ascending  and  descending  swaths  analyzed  separately  and 
the  sets  blended  together  I  he  most  notable  difference  i'  in 
the  position  and  shape  of  the  maximum  \V\  correction 
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big.  5.  WV  correction  fields  analyzed  using  SSM  i  data  on  July 
12.  I4H"  Contours  are  everv  I  cm  tui  Descending  swaths  only, 
from  1)300  to  0"00  L  T.  th)  ascending  swaths  only  .  from  14(H)  to  IHtH) 
I  T.  it  i  descending  and  ascending  swaths  blended  together  I  he 
1900  IT  Geosat  track  is  shown  crossing  the  strong  gradient  in  the 
field 

gradient  as  the  sharp  gradient  associated  with  the  cold  front 
around  150  W.  45'N.  shifted  southeastward  .is  the  front 
advanced  to  the  cast  i  f  igures  5<t  and  5/>>.  I  he  northern 
portion  of  the  front  near  the  low  pressure  center  mov  ed  more 
rapidly  than  the  trailing  end  of  the  front.  As  a  result,  the 
northern  edge  of  the  blended  WV  correction  field  introduced 
<i  false  gradient  around  148  W.  N.  while  oversmoothing 
the  gradient  north  of  this  point  ( figure  5<  )  This  problem  will 
be  addressed  more  thoroughly  in  the  next  section 

I  he  original  SSM  I  data,  not  the  previously  analyzed 
two-dimensional  field,  were  used  to  compute  the  WV  cor- 
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big.  h.  Altimeter  sea  surface  height  iSSHi  residuals  along  the 
19(H)  IT  Geosat  track  on  August  I.  I98~.  u;l  Original  unsmoothed 
SSH  data,  ibi  Smoothed  SSH  data. 


reel  ions  along  a  given  altimeter  track.  The  same  analysis 
technique  was  applied .  but  the  analysis  points  in  this  case 
were  positioned  at  exactly  the  same  location  as  each  altim¬ 
eter  footprint.  The  average  distance  between  altimeter 
points  is  approximately  7  km.  while  the  SSM  I  data  has  a 
resolution  of  25  km:  therefore  a  search  radius  considerably 
larger  than  the  separation  of  the  analysis  points  was  neces¬ 
sary.  A  50-km  search  radius  was  selected  to  allow  several 
SSM  I  measurements  to  be  included  in  the  analysis  at  any 
one  point,  while  still  showing  more  detail  in  the  one- 
dimensional  WV  correction  curve  than  in  the  two-  dimen¬ 
sional  analysis. 

Before  the  altimeter  SSH  residuals  were  corrected  for 
WV.  they  were  smoothed  using  a  five-point  filter  (Figure  hi. 
Thus  each  measurement  was  replaced  bv  the  average  of  the 
original  value  and  the  four  closest  measurements  This 
smoothing  reduced  the  noise  in  the  signal  sufficiently  without 
removing  the  features  of  interest.  The  wet  tropospheric 
adjustment  was  then  made  by  adding  the  analyzed  path 
length  correction  at  each  footprint  to  the  smoothed  SSH 
value  In  each  case,  the  WV  correction  curve  analy  zed  along 
the  track  was  plotted  in  conjunction  with  the  original  and  the 
corrected  SSH  data,  allowing  an  easy  visual  comparison 
between  the  features  in  each  representation. 

The  SSH  data  along  a  given  track  were  examined  to 
determine  if  the  observed  signal  indicated  the  presence  id  an 
ocean  front  This  type  of  analysis  is  performed  routinely  as 
part  of  the  NFf’AC  protect,  using  the  techniques  described 
bv  Ivhanon  and  Croat  ||98"’|.  Both  infrared  sea  surface 
temperature  data  and  altimeter  data  were  used  Ongoing 
analyses  have  demonstrated  that  N  1  I’M  fronts  are  charac¬ 
terized  bv  an  increase  of  5-20  cm  in  the  altimeter  SSH 
residual  t looking  from  north  to  south)  over  spatial  scales  ot 
100-200  km  I  hns  corrected  and  uncorrected  SSH  data  tot 
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each  track  vs  ere  contrasted  to  identify  the  changes  in  the 
strength  and  location  of  the  apparent  ocean  features.  The 
results  will  he  discussed  in  the  next  section. 


Interpretation  of  Results 

The  WV  corrections  plotted  along  the  altimeter  tracks 
generally  fell  into  one  of  three  categories.  Some  of  the 
correction  curves  were  relatively  constant,  exhibiting  little 
change  in  WV  along  the  track  (Figure  7c).  This  was  much 
more  common  in  descending  than  ascending  tracks  (8  out  of 
1 1  flat  tracks  were  descending),  since  the  descending  tracks 
more  often  parallel  rather  than  cross  the  typical  southwest  to 
northeast  orientation  of  the  atmospheric  cold  fronts  (Figures 
la  and  lb).  Other  correction  curves  showed  only  broad 
gradients,  where  the  change  in  WV  was  substantial  but 
occurred  over  large  spatial  scales  (Figure  8).  This  type  of 
WV  held  did  not  affect  the  appearance  of  an  individual  ocean 
feature  within  the  altimeter  data  under  most  circumstances. 
The  third  category  includes  those  cases  where  the  WV 
fluctuations  are  large,  that  is.  where  the  analyzed  WV 
correction  increases  or  decreases  rapidly  over  small  spatial 
scales. 

Flere  we  defined  a  significant  WV  gradient  as  one  where 
the  wet  tropospheric  correction  changed  by  at  least  2.5  cm 
over  0.5  latitude,  which  is  approximately  5  cm  per  100  km. 
This  gradient  is  comparable  to  the  weak  ocean  frontal 
gradients  that  have  been  observed  in  the  NEPAC  region.  We 
have  also  seen  comparable  gradients  in  the  WV  correction 
fields  in  numerous  cases,  which  has  several  implications. 

First,  an  apparent  mesoscale  ocean  feature  in  the  original 
altimeter  SSH  data  may  actually  be  due  to  abrupt  changes  in 
the  WV  field.  An  example  is  shown  in  Figure  9.  where  the 
front  seen  at  443N  in  the  original  data  is  absent  in  the 
corrected  altimeter  data  (Figure  9/7).  This  apparent  feature 
was  due  to  the  large  WV  gradients  at  44'N  (Figure  9 a). 
Second,  the  WV  may  conceal  the  true  ocean  signal  enough 
to  completely  mask  the  ocean  front  or  eddy  (see  Figure  10). 
Note  the  front  present  at  392— 40°N  in  the  corrected  data  that 
was  not  manifested  in  the  original  SSH  data  (Figure  10b). 
The  front  was  suppressed  by  the  presence  of  a  strong  WV 
gradient  at  the  same  location  (Figure  lOn).  Third,  the  pres¬ 
ence  of  WV  may  suppress  the  signal  by  a  few  centimeters, 
making  it  difficult  to  positively  identify  a  feature.  In  the 
original  altimeter  data  shown  in  Figure  11/?.  there  is  a 
possible  front  at  4 I  N.  Once  the  wet  tropospheric  correction 
(Figure  llrrl  is  applied  to  the  data,  this  feature  is  more 
clearly  identifiable 

As  was  already  mentioned,  one  concern  was  the  time 
difference  between  the  altimeter  measurements  and  the 
SSM/I  data  used  to  make  the  height  correction.  Since  the 
largest  WV  gradients  are  associated  with  the  atmospheric 
frontal  system,  the  location  of  these  gradients  can  be  ex¬ 
pected  to  change.  Since  the  atmospheric  fronts  often  move 
rapidly  through  this  area,  at  speeds  up  to  40  km  h  '.  there 
may  be  little  continuity  between  the  ascending  and  descend¬ 
ing  SSM/I  passes  (Figure  5).  Furthermore,  the  WV  field  will 
undergo  modification  as  the  atmospheric  system  develops  or 
ages  \Mi  Xfurtlit’  ami  Katsaros.  I985|  Thus  in  most  cases, 
the  ascending  swaths  were  analyzed  separately  from  the 
descending  swaths,  and  the  resulting  two-dimensional  fields 
were  compared  with  (he  correction  field  produced  h\  blend¬ 
ing  boih  sets  o|  swaths  I  he  same  altimeter  track  was  also 
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Fig  7  W  V  corrections  analyzed  using  SSM  1  Jala  on  Septem¬ 
ber  I.  I9R7.  ifji  Two-dimensional  field,  contoured  a!  l-cm  intervals, 
wilh  position  of  2100  I  T  tieosat  track  shown.  tb\  T  wo-dimensional 
field,  contoured  and  shaded  at  5-cm  intervals,  showing  (he  1800  l  T 
position  of  the  atmospheric  tiontal  systems  i<  I  One  dimensional 
correction  curve  analyzed  along  the  2100  IT  Geosat  track,  using 
SSM  I  data  between  IP00  and  l~00  FT  on  the  same  day 


corrected  using  these  different  combinations  of  analyzed 
SSM  I  data 

When  (he  atmospheric  fronts  were  either  stationary  or 
slowly  moving,  the  24-hour  blended  field  closely  resembled 
the  two-dimensional  fields  produced  from  the  different 
passes  i Figures  I2u.  12/r.  and  I2rl.  In  such  cases,  objec¬ 
tively  combining  both  the  ascending  and  descending  swaths 
provided  better  data  coverage,  left  fewer  gaps  in  ihe  cor- 
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Fig.  8.  WV  corrections,  in  centimeters  analyzed  along  the  0600 
UT  Geosat  track  on  September  12,  1987.  using  SSM  I  data  between 
0400  and  0500  UT 


rected  altimeter  data,  and  had  little  effect  on  the  interpreta¬ 
tion  of  the  mesoscale  features  present.  However,  if  the 
weather  systems  move  rapidly  or  change  characteristics,  as 
was  the  case  on  September  8-9.  1987  (Figures  I3u-I3zf).  then 
the  blending  of  WV  data  from  multiple  passes  becomes 
highly  questionable. 

For  example,  the  bottom  curve  in  Figure  14c  shows  the 
original  altimeter  data  measured  along  a  track  at  0700  UT  on 
September  8  (Figure  I4u).  The  top  curve  in  Figure  14c 
represents  the  SSH.  where  the  wet  tropospheric  correction 
was  made  using  SSM/I  data  (Figure  146)  taken  between  0400 
UT  and  0500  UT  on  the  same  day,  almost  coincident  with  the 
altimeter  data.  The  broad,  depressed  area  between  48°N  and 
42°N  is  not  present  in  the  corrected  data,  nor  is  the  apparent 
front  at  42°N.  The  broad  depression  in  the  SSH  data  was  due 
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Fig  9  WV  correction  applied  to  the  0700  UT  Geosat  track  on 
September  9.  1987  (,;)  WV  corrections  (in  centimeters)  analyzed 
along  the  track  using  SSM  1  data  between  0500  UT  and  0600  UT  <6| 
Altimeter  SSH  residuals,  in  centimeters,  before  and  after  the  WV 
correction  is  made  Notice  how  the  WV  mimics  an  ocean  feature  at 
44"N 


Fig.  10.  WV  correction  applied  to  the  1900  UT  Geosat  track  on 
August  I.  1987  (position  plotted  in  Figure  I2cl.  (al  WV  corrections 
tin  centimeters)  analyzed  along  the  track  using  SSM  1  data  between 
0500  and  1200  UT.  (6)  Altimeter  SSH  residuals  (in  centimeters) 
before  and  after  the  WV  correction  is  made.  Notice  how  the  WV 
masks  an  ocean  feature  at  39°N. 


entirely  to  the  band  of  moisture  that  was  present  along  the 
stationary  front  (Figure  13«).  The  corrected  data  show  an 
enhanced  feature  at  40.5t’N  while  the  apparent  feature  at 
42°N  is  greatly  suppressed. 

The  same  track  was  corrected  using  the  SSM/1  WV  data 
sampled  between  0400  UT  and  0500  UT  on  the  next  day.  By 
this  time,  the  broad  band  of  moisture  had  narrowed  consid¬ 
erably  (Figure  I5«),  and  the  maximum  WV  gradient  had 
moved  southeastward  as  the  next  cold  front  approached 
from  the  northwest  (Figure  13c).  Thus  the  peak  in  the  WV 
correction  along  the  track  has  both  narrowed  and  shifted 
(Figures  156  and  146).  The  resulting  SSH  data  corrected 
with  the  September  9  WV  data  (Figure  15c)  show  significant 
differences  from  those  corrected  using  near-real-time  data, 
in  fact,  the  wet  tropospheric  correction  induced  a  strong 
signal  between  43°N  and  45°N.  This  feature  is  not  present  in 
the  near-real-time  correction  (Figure  14c).  Thus  it  is  a  false 
signature  due  entirely  to  the  use  of  nonsynoptic  WV  data  to 
make  the  wet  tropospheric  range  correction. 

These  examples  clearly  indicate  that  the  error  in  the 
altimeter  signal  due  to  the  presence  of  WV  is  potentially  a 
serious  problem  affecting  the  detection  and  interpretation  of 
NEPAC  mesoscale  fronts.  To  determine  the  frequency  of 
the  pioblem.  the  data  were  analyzed  for  September  198”.  at 
the  transition  from  summer  to  fall.  During  this  time,  (he 
contrasts  between  the  cold,  dry  air  masses  and  the  warmer, 
moist  air  masses  in  the  mid-latitudes  are  very  strong,  fhus 
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Fig.  1 1.  WV  correction  applied  to  the  22IHI  IT  (ieov.it  track  on 
September  IT.  I9X7  im  WV  corrections  (in  centimeters!  analyzed 
along  the  track  using  SSM  1  data  between  iNtKI  F  ['  and  IMH)  I  T  i/>> 
Altimeter  SSH  residuals  icentimetersi  het'ore  and  after  the  WV 
correction  is  made.  Notice  how  the  WV  correction  enhances  an 
ocean  feature  al  41  V 


we  expected  that  large  WV  gradients  would  accompany  the 
meteorological  systems.  Furthermore,  we  noted  that  the 
surface  pressure  analyses  revealed  at  least  one  atmospheric 
front  within  the  NF'PAC  grid  every  day  of  the  month  Once 
again,  the  positions  of  these  fronts  were  compared  with  the 
objectively  analyzed,  two-dimensional.  WV  correction 
fields,  and  the  atmospheric  sy  stems  were  consistently  asso¬ 
ciated  with  the  largest  WV  correction  gradients. 

Geosat  tracks  that  passed  through  the  NKPAC  grid  area 
during  September  19X7  were  processed,  and  the  SSM  1  WV 
data  were  used  to  make  the  wet  tropospheric  correction.  On 
the  basis  of  visual  inspection,  each  track  was  classified 
according  to  the  strength  of  the  maximum  WV  correction 
gradient  along  the  track.  Three  general  categories  were 
defined:  correction  curves  with  flat  gradients,  broad  gradi¬ 
ents.  and  significantly  strong  gradients.  The  last  category 
was  further  divided  into  three  classes,  representing  the 
magnitude  of  the  change  computed  in  reference  to  1.0 
latitude  troughly  100  kml.  These  classes  were  5.0-10.0  cm. 
10.0-20.0  cm,  and  greater  than  20.0  cm.  T  hus  each  track  was 
assigned  to  one  of  five  categories.  The  results  are  shown  in 
Figure  16.  Note  that  of  the  05  tracks  processed  in  Septem¬ 
ber.  almost  7 50  of  the  tracks  were  associated  with  WV 
correction  gradients  defined  as  strong  enough  in  strength  to 
warrant  concern 

This  analysis  differs  from  that  made  by  MonuUlo  | this 
issue|  because  we  studied  the  WV  correction  curve  for  each 
track  and  selected  (he  endpoints  over  which  the  more  abrupt 
changes  were  observed.  I  he  wet  tropospheric  correction 
gradient  was  initially  computed  ovci  this  selected  distance 
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f  ig  12  W\  correction  tields  analv/ed  using  SSM  1  data  on 
August  I.  IWT  Contours  are  everv  I  cm  i.o  Descending  swaths 
onlv .  from  U2IHI  to  into  I  T.  i/o  ascending  swaths  onlv .  from  1400  io 
1X00  l  I  .  i<  i  descending  and  ascending  swaths  blended  together 
I  he  position  of  the  loot)  I  f  (ieosat  track  is  shown  crossing  the 
sirong  gradient  in  the  field  iSee  Figure  III  for  correction  ot  track1 


Fach  measured  gradient  was  subsequently  converted  to  a 
magnitude  relative  to  100  km  tor  comparison  purposes. 
Monaldo  arbitrarily  divided  the  tracks  into  fixed  increments 
of  ItXMOOO  km  and  computed  the  gradients  over  those  fixed 
intervals.  It  is  unlikely  that  this  technique  would  capture  the 
true  WV  gradient  strengths,  since  the  gradients  of  interest 
could  easilv  extend  across  the  fixed  endpoints  or  tall  com¬ 
pletely  in  between  them.  Furthermore.  Monaldo  based  his 
conclusions  on  altimeter  signals  that  were  stronger  than  10 
em  per  100  km.  but  gradients  of  5  cm  per  100  km  mav  be 
important  in  some  areas 

Our  study  identified  the  potentially  significant  gradients  m 
each  correction  curve:  I2X  measured  gradients  in  the  f>' 
tracks.  When  classified  according  to  strength.  ~h' i  ol  the 
gradients  were  in  the  5. tf-IO.O  cm  per  100  km  range,  with 
250  in  the  10.0-20.0  cm  per  100  km  range  t Figure  l”>  Onlv 
two  gradients  exhibited  signatures  strongei  than  20  0  cm 
relative  to  HXt  km  In  addition  to  computing  the  giadieuts 
relative  to  (00  krtt.  the  gradients  in  each  class  were  comped 
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Fig  13.  Movement  of  atmospheric  frontal  systems  .is  depicted  by  the  NMC’s  surface  pressure  analyses. 
Background  fields  are  SSM  I  WV  corrections  from  descending  swaths  on  same  day.  contoured  and  shaded  at  '-cm 
intervals.  Darker  shades  represent  higher  WV  content.  tui  September  8.  1987.  0600  I  T  (hi  September  8.  198'.  1800 
IT.  <<  i  September  9.  I987  .  060tl  IT  <</)  September  9.  (987.  1800  IT 


according  to  the  distance  over  which  the  gradient  strength 
was  maintained,  that  is.  the  original  measured  distance. 
Table  3  illustrates  that  the  majority  of  the  WV  correction 
gradients  were  sustained  over  50  to  150  km.  well  within  the 
range  considered  significant  for  ocean  mesoseale  features  in 
the  NEPAC  region. 

The  final  stage  of  the  analysis  is  qualitative.  Since  the 
ultimate  goal  of  the  project  is  to  use  the  altimeter  data  to 
locate  the  mesoseale  ocean  features,  the  impact  of  the  wet 
tropospheric  correction  on  the  interpretation  of  the  altimeter 
data  is  crucial  Thus  each  SSH  residual  track  was  subjec¬ 
tively  analyzed  to  locate  mesoseale  fronts,  which  are  gener¬ 
ally  characterized  by  a  rise  in  the  SSH  residual  proceeding 
from  north  to  south  (dong  the  altimeter  track.  Each  apparent 
feature  was  noted,  and  the  corrected  and  uncorrected  SSH 
data  along  each  track  were  compared.  The  observed  differ¬ 
ences  in  the  apparent  fronts  were  classified  in  one  of  three 
ways.  If  the  feature  was  present  in  the  original  SSH  data  but 
not  in  the  corrected  data,  then  it  was  labeled  a  "false” 
signal.  I'hat  is,  the  WV  mimicked  an  ocean  feature  that  was 
not  really  there  If  the  feature  was  not  present  in  the  original 
altimeter  data  but  was  identified  in  the  corrected  data,  then 
it  was  classified  as  a  "true  ocean  front"  that  was  masked  by 
the  presence  of  atmospheric  WV  If  some  hint  of  the  feature 
was  present  initially  and  the  feature  yvas  clearly  identifiable 


in  the  corrected  SSH  data,  then  it  was  classified  as  an 
"enhanced”  feature. 

Of  the  65  tracks  processed.  3 IT  contained  false  signals 
At  least  one  feature  was  completely  masked  by  WV  gradi¬ 
ents  in  35T  of  the  tracks,  and  ocean  signals  were  enhanced 
in  46T  of  the  tracks  (Table  4).  When  each  feature  was  tallied 
individually,  a  total  of  .221  potential  fronts  were  noted  in  the 
65  tracks.  Of  these,  approximately  128  features  were  not 
significantly  contaminated  by  WV.  However.  93  features 
<44T  of  the  total)  were  interpreted  differently  as  a  result  of 
making  the  wet  tropospheric  correction  to  the  track  Of 
these.  22T  were  mimicked  features.  28T  were  masked 
features,  and  50T  were  enhanced  features  (Table  5)  Thus  if 
masking  and  enhancing  are  considered  to  be  the  same 
process  and  differ  only  in  the  magnitude  of  the  change,  then 
it  appears  that  the  obfuscation  of  the  true  ocean  signal  b\  the 
W'V  gradients  is  more  of  a  problem  than  the  so-called  false 
signal,  where  the  WV  gradient  is  mistakenly  interpreted  as 
an  ocean  front  or  eddy. 

Some  studies  |e.g..  \toiuiLlo,  this  issue |  have  been  inter¬ 
ested  only  in  gradients  that  are  equally  as  strong  as  the  ocean 
signal  Thus  the  situation  where  the  WV  gradient  is  mimick¬ 
ing  an  ocean  feature  is  of  more  concern  Masking  of  features 
is  addressed  only  indirectly.  That  is.  the  WV  correction 
gradient  would  have  to  occur  at  exactly  the  same  strength 
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Fig.  14  WV  correction  applied  to  the  07(H)  I  T  (ieosal  track  on 
September  X.  14X7.  using  SSM  I  data  between  04(H)  and  05(H)  I  T  on 
the  same  day.  (<;)  Two-dimensional  correction  held,  contoured 
every  I  cm.  showing  the  position  ol  the  track  I/O  WV  corrections 
(centimeters)  analyzed  along  (he  track  (<  I  SSH  residuals  before  and 
after  the  WV  correction  is  made  The  apparent  ocean  front  at  42  N 
was  largely  induced  by  the  WV  . 

and  at  exactly  (he  same  location  as  the  SSH  gradient  to  he 
considered  significant.  Granted,  the  latter  situation  would 
happen  infrequently.  For  example,  in  our  studs,  if  we 
compare  (he  number  of  mimicked  and  masked  features  to  the 
total  number  of  221  observed  features,  we  find  that  WV 
gradients  mimicked  ocean  SSH  gradients  in  1G  of  the  cases, 
while  features  were  masked  I2G  of  the  time.  These  figures 
indicate  t hat  significant  gradients  in  the  WV  corrections 
were  approximately  colocated  with  the  ocean  frontal  gradi¬ 
ents  about  20G  of  the  time 

However,  when  we  include  not  on  I  v  the  coincident  situa- 
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Fig.  15.  WV  correction  applied  to  the  same  track  as  in  Figure 
!4.  but  using  SSM  I  data  between  04(H)  and  1)5(H)  L  I  on  the  next  dav 
September  4.  |4X"  ml  Two-dimensional  correction  held,  contoured 
esers  I  cm.  showing  the  position  of  the  track.  (M  W\  corrections 
(centimeters)  analyzed  along  the  track.  (<  )  SSH  residuals  before  and 
after  the  W  V  correction  is  made.  Notice  how  the  corrected  track 
differs  from  the  one  in  Figure  I4i  I  he  VV  V  data  have  induced  a  talse 
ocean  feature  at  41  4 s  \ 


turns  but  also  (hose  cases  where  the  WV  corrections  modth 
the  altimeter  signal  enough  to  alter  the  interpretation  of  the 
SSH  data,  the  result  is  more  far-reaching.  Partly  because  we 
are  using  a  fixed  limit  for  determining  the  significant  cases, 
features  can  be  suppressed  or  enhanced  b\  less  than  a  '  em 
gradient  in  the  WV  correction  Thus  changes  in  feature 
interpretation  do  not  necessarily  imply  co  location  ('I  the 
stiongcst  water  vapor  gradients  with  the  strongest  nn|) 
gradients  Fvcn  an  appaientlv  insignificant  WV  cortcction 
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Fig.  10.  Classification  of  the  f>5  total  altimeter  tracks  into  five 
categories  based  on  the  strength  of  the  maximum  WV  correction 
gradient  in  the  track.  The  number  of  tracks  in  each  category  is 
illustrated.  The  last  three  categories  are  considered  significant, 
representing  75' 4  of  the  total  tracks 


3vER  20  CM  /  100  km 


Fig.  IT  Classification  of  the  128  significant  WV  correction 
gradients  according  to  the  gradient  strength.  The  number  of  gradi¬ 
ents  measured  in  each  class  is  illustrated. 


gradient  can  alter  feature  identification.  The  large  number  of 
features  affected  by  the  WV  is  not  surprising,  considering 
that  there  are  up  to  four  weak  ocean  fronts  in  the  NEPAC 
region,  making  it  likely  that  at  least  one  front  will  he  affected 
by  some  portion  of  the  atmospheric  system. 

Conclusions 

Altimeter  SSH  data  have  proven  to  be  a  valuable  tool  for 
locating  mesoscale  fronts  and  eddies,  particularly  in  western 
boundary  current  regimes  where  the  SSH  gradients  are 
large.  These  data  are  especially  useful  when  clouds  inhibit 
the  use  of  infrared  imagery  and  when  the  ocean  feature  is 
submerged  or  does  not  have  a  strong  SST  signature.  In  the 
Geosat  Exact  Repeat  Mission  each  location  is  viewed  only 
once  every  17  days.  The  distance  between  tracks  is  approx¬ 
imately  165  km  at  the  equator.  Thus  for  real-time  oceano¬ 
graphic  operations  and  applications,  the  information  in  each 
track  is  important.  In  an  effort  to  extend  the  use  of  altimeter 
data  to  other  areas  w  here  the  SSH  signal  and  variability  are 
much  lower,  we  have  attempted  to  determine  the  importance 
of  the  wet  tropospheric  correction  as  a  source  of  altimeter 
data  error. 

We  used  high  resolution  (25  km)  WV  data  from  the  DMSP 
SSM  I  sensor  to  analyze  WV  correction  fields  for  numerous 
Geosat  tracks  in  the  NEPAC  region.  This  study  is  unique 
because  it  is  the  only  work  that  has  made  time-coincident, 
wet  tropospheric  range  corrections  to  actual  SSH  measure¬ 
ments  along  extended  segments  of  altimeter  tracks.  The 


interpretation  of  the  resulting  differences  clear!  y  shows  that 
in  the  NEPAC  area  the  WV  correction  can  significantly  alter 
the  apparent  positions  of  the  mesoscale  ocean  features  in  the 
altimeter  data. 

In  the  NEPAC  region  we  found  that  the  WV  gradients 
associated  with  atmospheric  frontal  systems  are  comparable 
in  strength  to  the  signals  of  the  ocean  fronts  in  this  area, 
where  changes  as  small  as  5-10  cm  over  100  km  are 
considered  significant.  What  this  implies,  of  course,  is  that 
the  WV  gradient  may  mimic  or  mask  the  mesoscale  ocean 
features  of  interest.  Thus  the  interpretation  of  the  altimeter 
SSH  data  in  this  region  is  uncertain  without  the  wet  tropo¬ 
spheric  correction.  Even  a  2-  to  3-cm  enhancement  of  the 
SSH  gradient  could  mean  the  difference  between  locating  or 
not  locating  a  particular  feature.  The  situation  is  further 
complicated  by  the  number  of  weak  oceanographic  fronts  in 
this  area,  making  it  more  likely  that  the  WV  gradient  will 
affect  at  least  one  of  the  fronts.  It  also  appears  that  the 
ascending  tracks  are  affected  more  often  than  the  descending 
tracks,  since  the  ascending  tracks  cross  the  normal  south¬ 
west  to  northeast  orientation  of  the  atmospheric  cold  fronts. 

We  have  shown  that  the  timeliness  of  the  data  is  critical. 
Because  the  atmospheric  fronts  and  their  associated  WV 
fields  may  move  rapidly  through  this  area,  blending  data 
from  multiple  passes  can  oversmooth  or  offset  the  gradients 
in  the  water  vapor  field,  reducing  the  true  impact  of  the  WV 
on  the  ocean  signal.  Using  SSM  I  data  that  are  too  far 
removed  in  time  from  the  altimeter  data  can  also  introduce 


TABLE  V  Sustained  Strength  of  Significant  Water  Vapor  Gradients 
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TABLE  4.  Tracks  with  features  Altered  by  Water  Vapor 


Type  of  Change 

Number  of 
Tracks* 

Percent T 

Enhanced  features 

30 

46.7 

Masked  features 

73 

35.4 

Mimicked  features 

70 

30.8 

"Out  of  65  total  tracks  used  for  this  study 
Hn  reference  to  total  of  65  tracks. 


false  signals  into  the  SSH  data,  which  may  he  incorrectly 
interpreted  as  true  ocean  features.  The  scientific  community 
would  be  best  served  by  having  a  radiometer  and  an  altim¬ 
eter  on  the  same  satellite.  With  coincident  measurements  of 
WV  and  sea  surface  topography,  we  believe  that  the  utiliza¬ 
tion  of  altimeter  data  can  be  extended  to  cases  where  the 
mesoscale  ocean  signals  are  weaker  than  those  typically 
found  in  western  boundary  currents.  The  future  European 
Remote  Sensing  Satellite  (ERS-1)  and  Ocean  Topography 
Experiment  (TOPEXFPoseidon  altimeters  both  have  bore- 
sighted  radiometers  that  will  permit  this  capability. 

This  study  has  concentrated  on  the  NEPAC  area,  but  the 
results  shown  here  can  likely  be  extended  to  other  areas. 
Care  must  be  taken,  however,  to  assure  that  both  the 
oceanographic  and  atmospheric  conditions  are  similar:  that 
is.  the  SSH  gradients  are  weak  and  the  atmospheric  frontal 
systems  are  characterized  by  large  air  mass  contrasts.  Such 
areas  might  include,  for  instance,  the  north  central  and 
eastern  Atlantic.  A  preliminary  look  at  WV  gradients  in  the 
northern  Atlantic  indicates  that  the  wet  tropospheric  correc¬ 
tion  may  be  an  unexpected  source  of  error  even  at  more 
northern  latitudes  |.V/tiy  and  Haw  kins,  1990].  But  the  rela¬ 
tionship  between  the  atmospheric  and  oceanographic  condi¬ 
tions  has  been  inadequately  addressed  in  previous  works. 
This  question  is  particularly  relevant  in  the  Bisagni  [1989] 
paper,  since  the  study  was  limited  to  a  small  area  in  tropical 
latitudes  east  of  a  major  continent. 

Future  work  will  pursue  similar  analyses  for  additional 
periods.  This  study  concentrated  on  the  month  of  September 
1987.  which  is  marked  by  strong  air  mass  contrasts  in  the 
mid-latitudes.  Data  from  other  seasons  may  exhibit  different 
properties.  The  winter  season  may  be  particularly  interest¬ 
ing.  as  the  capacity  of  the  atmosphere  to  contain  water  vapor 
is  diminished.  Figure  18  illustrates  a  wintertime  situation  in 
the  NEPAC  sector.  Note  that  significant  gradients  are  still 
present  in  the  WV  correction  field,  even  though  the  maxi¬ 
mum  is  somewhat  reduced  and  shifted  southward  from  those 
seen  during  the  summer-fall  transition  period.  However, 
there  is  enough  variability  to  encourage  further  study  with  a 
wintertime  series  of  analyses. 


TABLE  5  Ocean  Features  Altered  by  Water  Vapor 


T vpe  of  Change 

Number  of 
Features 

Percent  of 
Altered 
Features 

Percent  of 
( tbserved 
Features 

Enhanced  features 

47 

50.5 

z\  y 

Masked  features 

76 

78  0 

II.  K 

Mimicked  features 

70 

71  5 

9  0 

Total  altered  features 

93 

100.0 

4M 

Total  unaltered  features 

178 

<7  9 

lotal  observed  features 

771 

IOO  0 

Fig.  18.  Two-dimensional  WV  correction  held  analyzed  using 
SSV1  I  data  from  0700  IT  to  0600  I  T  on  February  73.  1088  The 
position  of  the  atmospnenc  frontal  system  is  valid  at  1700  I'T  on  the 
same  day. 


Since  SSM/I  WV  data  are  the  best  available  source  for  our 
current  needs,  more  work  needs  to  be  done  to  evaluate  their 
real  potential.  For  example,  we  need  to  determine  the 
temporal  limits  that  should  be  placed  on  the  use  of  SSN1  I 
wet  tropospheric  corrections.  These  limits  may  be  affected 
by  the  future  launch  of  another  DMSP  platform  with  an 
SSM  I  on  board.  Conceivably',  data  flora  two  SSM  Is  could 
be  available  as  soon  as  spring  1990.  For  the  NEPAC  re¬ 
search  project,  we  have  implemented  software  to  access  the 
Fleet  Numerical  Oceanography  Center  SSM  1  data  base  and 
make  near-real-time  corrections  to  the  altimeter  SSH  resid¬ 
uals  before  the  data  are  used  for  frontal  analysis  in  the 
NEPAC  area.  However,  this  solution  is  not  fully  satisfac¬ 
tory.  Since  we  to  not  feel  justified  using  WV  data  that  are 
more  than  a  few  hours  removed  from  the  altimeter  data, 
large  portions  of  the  tracks  cannot  be  corrected. 

We  have  made  several  assumptions  in  our  data  process¬ 
ing.  which  may  or  may  not  affect  our  conclusions.  First,  we 
have  assumed  that  the  formation  of  SSH  residuals  by  sub¬ 
tracting  a  mean  surface  does  not  consistently  reduce  the 
signal  of  the  mesoscale  ocean  features  beyond  detection. 
While  the  mean  surface  typically  contains  longer  wave¬ 
lengths.  this  assumption  may  not  be  valid  for  each  individual 
case.  Furthermore,  we  believe  the  objective  techniques  used 
to  smooth  and  analy  ze  both  the  altimeter  SSH  residuals  and 
the  SSM  I  WV  measurements  reduce  the  random  noise 
present  in  the  original  data  while  still  showing  the  signals  of 
interest.  Thus  our  interpretations  assume  that  the  analy  zed 
data  accurately  represent  the  physical  phenomena.  Finally, 
we  are  looking  for  ocean  agnals  that  are  near  the  noise  level 
of  the  altimeter.  While  we  know  that  such  weak  features  are 
present,  we  acknowledge  that  we  are  pushing  the  generally 
accepted  limits  of  ocean  feature  detection 

These  things  considered,  we  still  feel  that  the  presence  of 
WV  is  a  serious  hindrance  to  the  use  of  altimeter  data  lot 
mesoscale  feature  detection  in  areas  where  the  ocean  signal 
is  weak  and  the  SSH  variability  is  low  We  have  shown  that 
the  wet  tropospheric  correction  dramatically  alters  the  ap¬ 
pearance  of  the  SSH  residuals  along  Geosat  tracks  in  the 
NEPAC  region  While  we  have  not  shown  that  the  corrected 
data  are  anv  more  accurate  than  the  uncorrected  data. 
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intuition  tells  us  that  removing  a  k'  own  source  of  error  from 
the  original  measurements  will  lesult  in  a  more  accurate 
product.  Thus  we  leave  it  to  a  future  study  to  make  use 
of  independent  data  sources,  such  as  recently  gathered 
bathythermograph  measurements,  to  perform  an  extensive 
verification  of  the  frontal  positions  in  the  corrected  tracks. 
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NEPAC  altimeter  SSH  residuals  This  work  was  supported  by  the 
Chief  of  Naval  Operations  (OP-0961  and  the  Naval  Space  and 
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Abstract — Polar  sea-ice  measurements  are  reduced  to  a  fraction  of 
those  required  for  accurate  sea-ice  analyses  and  forecasts  by  the  harsh 
environment  (intense  cold,  clouds,  remoteness)  encountered.  This  severe 
operational  data  void  is  now  being  partially  filled  by  the  L'.S.  Navy 
GEOdetic  SATellite  (GEOSAT)  active  microwave  altimeter. 

The  12  March  1985  GEOSAT  launch  enabled  satellite  oceanographers 
to  continue  the  earlier  sea-ice  monitoring  shown  to  be  feasible  with  the 
GEOS-3  and  SEASAT  altimeters  ( 1 1.  The  large  difference  in  return 
signals  trom  a  13.5  GHz  pulse  over  water  versus  over  sea-ice  permits  the 
generation  of  an  ice  index  that  responds  abruptly  to  sea-ice  edges. 

Sample  Arctic  and  Antarctic  operational  sea-ice  index  plots  are  shown, 
depicting  the  current  effort  within  the  Remote  Sensing  Branch  at  the 
Naval  Ocean  Research  and  Development  Activity  (NORDA).  This 
NORDA  program  provides  graphical  ice-index  displays  along  GEOSAT 
nadir  tracks  to  the  Navy/N'ational  Oceanic  and  Atmospheric  Administra¬ 
tion  (.NOAA)  Joint  Ice  Center  (J1C)  for  assimilation  into  their  sea-ice 
data  bases.  The  altimeter's  all-weather  capability  has  been  an  important 
addition  to  the  JIC  data  bases,  since  cloud  cover  can  drastically  curtail 
visible  and  infrared  viewing,  and  passive  microwave  data  has  coarser 
resolution. 

Ongoing  research  efforts  are  aimed  at  extracting  additional  sea-ice 
parameters  from  the  altimeter  waveform  data,  which  contain  information 
on  the  reflecting  surface.  Possibilities  include  discrimination  between 
water,  land,  ice,  combination  water/ice,  and  water/land.  as  well  as 
distinguishing  various  ice  concentrations  and  possibly  ice  types.  Coinci¬ 
dent  airborne  passive  microwave  and  synthetic  aperture  radar  (SAR)  data 
have  been  collected  to  test  several  methods  which  appear  to  be  promising. 

Keywords— sea  ice,  satellite  altimetry,  remote  sensing,  GEOSAT. 

I.  Introduction 

HE  TASK  encompassed  in  accurately  mapping  sea-ice 
characteristics  has  always  suffered  from  a  critical  lack  of 
observational  data.  The  polar  regions  are  severely  undersam¬ 
pled  by  planes  on  routine  patrol.  Those  ptrols  are  supple¬ 
mented  only  by  a  few  point  source  reports  trom  ships  and 
drifting  buoys.  Thus,  overcoming  the  data  base  shortage  is 
obviously  a  satellite  remote-sensing  problem  since  large 
domains  can  be  affordably  scanned  at  reasonable  spatial  and 
temporal  resolutions. 

Satellite  visible  and  infrared  (IR)  imagery  have  been  hand- 
analyzed  for  years  bv  operational  ice  analysts.  Excellent 
results  are  possible  in  cloud-free  scenes,  but  such  conditions 
do  not  normally  persist  for  the  desired  time  frame.  Wintertime 
and  spring  Arctic  imagery  can  provide  excellent  viewing 
opportunities  in  many  regions,  but  summertime  photos  are 
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typically  quite  poor  because  cloudiness  increases  markedly 
and  therefore  dramatically  limits  cloud-free  zones  within 
images. 

Passive  microwave  data  have  been  used  to  partially  alleviate 
this  cloud  problem,  with  more  success  noted  for  ice-concentra¬ 
tion  values.  However,  the  coarse  resolution  (50  km  with 
Nimbus-7  data),  trouble  with  ice-type  classification  and 
retrievals  during  melt  and  freeze  periods,  and  problems  with 
atmospheric  storm  contamination  have  left  holes  in  the  sea-ice 
data  base.  All  three  areas  of  difficulty  are  under  review  w  ith 
the  newer  Special  Sensor  Microwave/Imager  (SSM  1)  data. 

It  has  been  demonstrated  that  active  microwave  radar 
altimeter  data  from  SEASAT  and  GEOS-3  can  be  used  to 
retrieve  sea-ice  characteristics  and  thus  partially  fill  data 
bases.  Dwyer  and  Godin  [1]  obtained  good  results  by  taking 
advantage  of  the  huge  signal  change  that  occurs  when  the 
altimeter's  field  of  view  traverses  from  open  water  to  sea  ice 
(i.e..  ice  edge).  Validation  effoiis  in  the  Bering  Sea  went  quite 
well  but  did  not  extend  to  other  areas  and  seasons  because  of 
the  spotty  nature  of  the  GEOS-3  data  and  the  premature  failure 
of  SEASAT. 

The  Navy  recognized  this  verification  shortfall  when  they 
identified  a  secondary  mission  for  the  U.S.  Navy  GEOdetic 
SATellite  (GEOSAT)  program  centering  on  the  altimeter's 
oceanograhic  measuring  capabilities.  This  paper  w  ill  detail  the 
efforts  to  use  GEOSAT  data  to  refine  an  ice  index  that  is 
applicable  to  widely  varying  ice  conditions.  The  following 
sections  will  detail  more  fully  the  sea-ice  mapping  require¬ 
ments,  the  present  Navy  ice-index  operational  utilization,  and 
ongoing  and  future  work  that  promises  to  provide  additional 
sea-ice  measurement  capabilities. 

II.  Joint  Ice  Center 

The  Joint  Ice  Center  (JIC)  at  Suitland.  Maryland,  is  a 
combined  Navy  and  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  effort  begun  in  1976.  Its  duties  are  to 
map  the  ice  edge,  concentration,  and  «ype  throughout  both  the 
Arctic  and  Antarctic  Oceans  as  well  as  the  Great  Lakes,  and  to 
provide  advance  sea-ice  forecasts.  This  joint  effort  ;  -nuts 
both  civilian  and  military  agencies  to  plan  for  safer  operations 
within  this  environmentally  hostile  region  and  combine  se¬ 
verely  limited  resources. 

The  Naval  Polar  Oceanography  Center  (NPOC)  represents 
the  Navy's  portion  within  this  cooperative  team  NPOC  is 
responsible  for  satisfying  the  operational  Department  of 
Defense  (DoD)  polar  sea-ice  analysis  and  forecasting  needs 
1 2  ] .  This  function  must  be  done  by  combining  a  \anety  of  data 
sources  in  order  to  generate  a  host  of  products 

Fig.  1  is  just  one  example  of  the  many  JIC  Arctic  sea-ice 
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Fig.  I.  Typical  J1C  eastern  Arctic  sea-ice  chart  depicting  the  ice  edge,  concentration,  and  type  of  ice  within  the  region  iNote 

Dashed  lines  represent  estimates  due  to  lack  of  reliable  data.) 


TABLE  1 

Sea-ice  data  Sources 


Sensor 

Type 

Swath 

(km) 

Resolution 

(km) 

Revisit 

times/day 

Advantage 

Disadvantage 

Satellite  Sensors 

AVHRR 

passive 

VIS  &  IR 

2500 

l-t 

2-12 

large  sw3th 

clouds 

OLS 

passive 

VIS  &  IR 

2900 

0.6-3 

2-12 

large  swath 

clouds 

SMMR 

passive 

microwave 

750 

50-60 

0-2 

penetrates 

clouds 

small  swath 
resolution 
melt  ponds 

SSM/I 

passive 

microwave 

1400 

25-35 

2-4 

penetrates 

clouds 

resolution 
melt  ponds 

Other  data 

Recon 

aircraft 

SLAR 

Observer 

1-10 

1-15 

<0.1 

<0.1 

p<x>r 

poor 

high  res 
high  res. 

small  area 
small  area 

Ship 

Observer 

N  A 

<0.1 

poor 

high  res 

small  area 

Buoy 

N'A 

point 

poor 

inexpensive 

point  source 

source 
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products.  The  ice  edge  in  the  eastern  Arctic  is  delineated 
throughout  the  area,  and  ice  concentration  and  type  arc  noted 
using  the  International  Egg  Code  nomenclature  [3|.  Note  that 
dashed  lines  represent  estimates  due  to  lack  of  reliable  data. 
This  chart  covers  half  the  Arctic  basin  and  is  updated  once  per 
week. 

To  map  sea  ice  over  such  vast,  remote  regions,  the  JIC 
relies  heavily  on  polar-orbiting  environmental  satellites  be¬ 
cause  of  their  large  spatial  swaths  and  frequent  repeat-times 
each  day.  However,  each  data  platform/sensor  has  a  number 
of  advantages  and  disadvantages  which  either  enhance  or  limit 
its  contributions  to  the  total  sea-ice  data  base.  Table  l  outlines 
the  major  sea-ice  data  sources  available  to  the  ice  analysts  and 
illustrates  the  major  factors  associated  with  each  one. 

Visible  and  IR  imagery  from  the  NO  A  A  Advanced  Very 
High  Resolution  Radiometer  ( AVHRR)  and  Defense  Meteoro¬ 
logical  Satellite  Program  (DMSP)  Operational  Line  Scanner 
(OLS)  have  long  been  the  cornerstones  of  the  JIC  data  bases. 
The  continuous  effort  to  keep  these  families  of  satellites 
operationally  available  (i.e. .  NOAA-5,  -6.  -7.  -8.  -9,  -10,  -11. 
and  DMSP  F-5,  -6.  -7.  -8.  -9)  has  provided  the  long-term 
access  required  to  satisfy  many  ice  mapping  needs.  Both  the 
AVHRR  and  OLS  offer  very  good  spatial  resolution  and 
excellent  swath  coverage,  but  these  benefits  have  been  limited 
because  all  imagery  is  analyzed  in  hardcopy  (not  digital)  form. 
This  limitation  will  be  rectified  when  the  JIC  receives  its 
digital  ice  forecast  and  analysis  system  (DIFAS)  in  Januarv, 
1989. 

Hardcopy  imagery,  used  extensively  by  trained  ice  analysts 
to  detect  sea-ice  conditions  throughout  the  polar  regions, 
provides  excellent  data  when  the  images  are  cloud-free. 
However,  persistent  cloud  cover  can  rapidly  render  this  data 
type  useless  over  varying  periods  and  thus  negate  the  fine 
resolution.  It  should  be  noted  that  many  instances  occur  when 
the  open-water  areas  near  the  ice  edge  are  obscured  by  clouds 
while  the  sea  ice  itself  is  cloud-free  and  readily  viewed. 

Passive  microwave  satellite  data  (Table  I)  have  been  used 
for  many  years  to  penetrate  cloudy  atmospheric  conditions  and 
permit  "all-weather"  sensing  of  polar  sea  ice.  The  Nimbus 
Electrically  Scanning  Microwave  Radiometer  (ESMR)  and 
Scanning  Multichannel  Microwave  Radiometer  (SMMR)  have 
tor  many  years  significantly  enhanced  the  JIC  sea-ice  mapping 
capabilities,  but  their  poor  spatial  resolution  has  been  a 
persistent  problem  (4],  |5|.  The  problem  is  especially  severe 
tor  ice  edge,  polynya.  and  near -shore  sea-ice  mapping  where 
resolution  is  critical. 

Problems  with  the  geophysical  algorithms  applied  to  the 
passive  microwave  data  have  also  prevented  ESMR  and 
SMMR  data  from  realizing  their  potential.  Heavy  rain  and 
winds  have  earlier  contaminated  sea-ice  retrievals,  but  vigor¬ 
ous  efforts  using  multiple  channels  indicate  that  significant 
progress  has  been  made.  While  ice  concentration  algorithms 
have  done  quite  well,  efforts  to  discriminate  between  first-year 
and  multi-year  ice  have  met  with  only  partial  success  |6|. 
These  limitations  will  be  improved  upon  greatly  when  the 
SSM/1  uses  validated  operational  algorithms. 

A  variety  ol  other  data  sources  such  as  drifting  ouoys, 
airborne  reconnaissance  with  ice  observers  and  sensors,  ships. 
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and  data  from  other  countries  round  out  the  available 
information  used  to  generate  sea-ice  maps.  However,  even 
after  incorporating  all  these  data  sources,  gaps  still  remain  in 
our  ability  to  map  present  conditions  (nowcasts),  thus  affecting 
the  initial  conditions  for  forecasts  via  numerical  models. 

III.  GEOS  AT  Ocean  Applications  Prixiram 

GEOSAT's  primary  mission  was  to  provide  the  dense 
global  grid  of  altimeter  data  required  to  improve  the  determin¬ 
ing  of  the  earth's  gravitational  field.  However,  the  Oceanogra¬ 
pher  of  the  Navy  also  formulated  the  GEOSAT  Ocean 
Applications  Program  (GOAP).  whose  goal  was  to  conduct  an 
operational  demonstration  of  the  altimeter's  usefulness  to 
gather  all-weather  ocean  environmental  data.  For  over  two 
years  NORDA’s  Remote  Sensing  Branch  has  analyzed  this 
data  for  GOAP  [7], 

Data  collected  by  the  altimeter  are  received  by  the  only 
ground  station,  at  the  Johns  Hopkins  Applied  Physics  Labora¬ 
tory  (APL),  and  are  processed  into  NORDA  Data  Records 
(NDR's).  The  NDR's.  which  contain  sensor-corrected  altime¬ 
ter  data,  corrections  for  satellite  and  instrument  errors,  and 
orbit  information,  are  transmitted  promptly  to  NORDA  over  a 
9600-baud.  dedicated  telecommunications  circuit. 

NORDA  then  processes  this  data  to  provide  information  on 
mesoscale  ocean  features,  surface  wind  speed,  significant 
wave  height,  and  sea-ice  edge.  Arctic  and  Antarctic  products 
based  on  the  sea-ice  edge  are  provided  daily  to  NPOC.  The 
altimeter's  all-weather  capability  has  helped  to  make  these 
products  useful,  especially  since  cloud  cover  frequently 
renders  other  sensors  useless. 

IV.  GEOSAT  Altimeter 

The  U.S.  Navy  GEOSAT  was  built  by  the  APL  and 
launched  on  March  12.  1985.  The  satellite  carries  a  single 
instrument,  a  13.5-GHz  nadir-looking  pulse  compression 
radar  altimeter.  It  is  similar  to  the  SEASAT  altimeter  in  its 
mechanical,  thermal,  and  electrical  interfaces,  but  includes 
some  engineering  changes  intended  to  extend  its  lifetime  and 
reduce  its  noise  level  [8).  The  reflected  pulses  provide  three 
basic  types  of  information:  the  satellite  altitude  above  the 
surface,  the  significant  wave  height,  and  the  wind  speed  along 
the  satellite  track  (the  las'  two  refer  to  returns  from  open 
water). 

Fig.  2  illustrates  the  illumination  of  the  surface  for  the  case 
in  which  the  surface  relief  is  small  compared  to  the  transmitted 
pulse  width.  This  figure  shows  the  surface  area  illuminated  at 
time  increments  equal  to  the  duration  of  the  transmitted  pulse 
width  and  illustrates  how  the  reflected  signal  received  by  the 
altimeter  changes  w  ith  time  for  the  case  of  diffuse  scattering, 
as  from  the  sea  surface.  The  mean  received  power,  which 
increases  linearly  with  time  to  a  plateau,  eventually  falls  off 
because  of  the  finite  antenna  beam  width  and  off-nadir 
scattering.  (Increasing  the  surface  relief,  as  in  the  case  of 
higher  waves  in  open  ixiean.  increases  the  rise  time  and 
decreases  the  slope  of  the  leading  edge  of  the  return  pulse.) 

The  return  pulses  from  sea  ice  have  a  significantly  different 
shape  than  returns  from  the  ocean  |9],  |]()|  Fig.  3  illustrates 
that  difference.  Ice.  unlike  water,  tends  to  produce  specular 
reflection  so  that  a  much  larger  portion  of  the  impinging 
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Fig.  2  Illumination  of  the  earth’s  surface  b>  an  altimeter  pulse  of  width  T 
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Fig  V  Ice  and  ocean  altimeter  return  waveforms. 

energy  at  any  angle  will  reflect  off  the  ice  surface  at  an  angle 
equal  to  the  angle  of  incidence.  Thus  the  early  return  (that 
received  from  nadir)  is  much  stronger  than  the  latter  part  of  the 
return  (that  received  at  angles  off-nadir).  So  both  the  signal 
strength  and  the  shape  of  the  reflected  pulse  are  modified. 
Dwyer  and  Godin  [  1 1  developed  a  semiempirical  algorithm  for 
the  GF.OS-3  altimeter  that  measures  strength  and  shape 
differences.  The  algorithm  is 

Index  =  |(  100  +  AGC)/(  100  10  (1) 

where  AGC  =  automatic  gain  control  signal,  and  AfISG  = 
average  attitude  specular  gate  signal  jlj. 

The  Dwyer-Godin  algorithm  as  modified  for  GEOSAT  is 

Index  =  |(100+  AGC)/(  100  x  VA  TT)\  (2) 

where 

VA  TT  -  \(A  TTG  -  A  TTGE  )/{AGCG  -  A  TTGL ) |  ( 3 ) 

and  the  intermediate  quantities  are  functions  of  the  60  basic 
waveform  samples  (the  sample  indexing  is  the  same  as  for  the 
SEASAT  altimeter  [II]):  ATTG  -  mean  of  last  eight 
samples.  A  TTGE  mean  of  first  eight  samples,  and  AGCG 
mean  of  center  4X  samples  (not  including  the  track  point 
gate) 

V.-\  7T  is  known  as  “voltage  proportional  to  attitude"  am! 
is  used  in  corrections  lor  oil  nadir  pointing  errors  in  the 
computation  of  several  ocean  parameters  The  GEOSAT  ice 
index  is  a  number  in  the  range  0  6  to  0  7  over  water,  and  over 
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Fig.  4  Sample  GEOSAT  ice-milex  graphic  product  lor  the  Arctic  Ice 
indexes  are  plotted  perpendicularly  to  the  track  according  to  the  scale  in  the 
lower-right  comer  All  index  values  <  1  have  heen  suppressed 


ice  is  greater  than  1 .  Thus,  water-ice  transitions  are  evident  in 
the  time  history  of  the  ice  index. 

The  GEOSAT  altimeter  provides  dense,  all-weather  mea¬ 
surements  along  the  satellite's  nadir  track,  but  the  “swath  " 
width  is  only  a  few  kilometers  The  inclination  of  the 
satellite's  orbit  limits  coverage  to  between  72°  N  and  S 
latitudes.  Within  these  limits,  however,  GEOSAT  is  able  to 
provide  a  valuable  data  source  that  significantly  increases  the 
available  sea-ice  information.  Ice-index  values  are  plotted  on 
charts  made  to  the  same  scale  and  protection  as  NPOC's 
master  working  charts.  These  pints  show  ice-index  profiles 
over  water,  with  the  satellite's  nadir  tracks  as  base  lines.  Figs 
4  and  5  arc  sample  ice-index  plots  for  the  Arctic  and  Antarctic 
regions. 

V  GEOSA  f  Com  K  xot 

GEOSAT  was  initially  iniected  into  an  X()0-km  altitude. 
108°  inclination  orbit  ihat  generated  a  three  day  near- repeat 
ground  track  During  October.  ldHb.  the  satellite  was  moved 
into  an  exact  repeat  mission  lERM)  orbit  that  was  slightly 
adjusted  to  repeat  exactly  every  244  revolutions  ( I"  05  day  si 

Figs  6  and  7  depict  a  typical  track  “laydown"  for  one  dav 
during  the  E.RM.  which  is  scheduled  :o  continue  until  |dd]  or 
1W2  The  Navy  has  funded  ground  operations  in  anticipation 
of  a  “healthy "  sensor  and  data  during  this  tune  trume 
Extended  operation  into  the  I  dot  is  would  enable  it  to  overlap 
with  the  next  environmental  satellite  earning  an  altimeter  the 
European  Space  Agency  tESAi  Remote  Sensine  Satellite 
(ERS -It 
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The  track  plots  readily  reveal  several  pluses  and  minuses  for 
GEOSAT  sea-ice  mapping.  Immediately  apparent  is  the  data 
void  poleward  of  72°  latitude.  The  realization  that  the  swath  is 
the  same  size  as  the  sensor  footprint  (2-4  km)  also  suggests 
many  problems  associated  with  temporal  and  spatial  sampling 
deficiencies.  It  is  thus  clear  that  one  single-beam  altimeter  is 
severely  limited  and  can  be  counted  on  only  to  fill  in  data 
gaps. 

The  Navy  is  thus  using  GEOSAT  data  as  an  additional  all- 
weather  information  source.  Each  major  Arctic  basin  (e.e.. 
East  Greenland.  Barents.  Beaufort.  Chukchi,  Bering  Sea.  etc.) 
is  sampled  3  to  4  times  daily  Sampling  increases  dramatically 
near  12°  as  the  tracks  converge.  This  enables  long  passes 
through  ice- infested  waters  and  potentially  produces  numerous 
sea-ice  data  points,  especially  for  those  areas  where  ice  motion 
is  small  and  the  ice  analyst  can  use  more  than  one  day  as  input. 
Fig  8  is  a  three-day  Arctic  track  plot  which  shows  that  a 
wealth  of  data  can  be  gathered  between  65°  N  and  72°  N  as  the 
tracks  bend  westward  Sea-ice  mapping  via  GEOSAT  data  is 
thus  enhanced  within  this  section  of  the  world. 

Fig  7  readily  exhibits  a  different  picture  for  Antarctic 
sampling  Land  masses  extend  toward  the  equator  from  72°  S 
for  slightly  more  than  50  percent  of  the  area  enclosed  bv  this 
latitude  band  (60°  S  to  72°  S)  Such  coverage,  combined  with 
the  fact  that  the  ice  edge  in  the  remaining  open-water  basins 
(Weddell  and  Ross  Seasi  is  often  within  GEOSAT  range, 
makes  Antarctic  sea  ice  mapping  via  GEOSAT  more  feasible 
than  in  the  Arctic  Hus  situation  is  welcome,  since  less 
AVHRR  data  is  available  in  the  Antarctic  because  direct 
readout  stations  are  not  presently  sending  data  to  the  JIC 
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Fig  6  One  day  of  GEOSAT  ERM  ground  tracks  m  the  Arctic 
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Fig.  8  Three  days  of  GEOSAT  ERM  ground  tracks  in  the  Arctic. 

VI.  Validation 

Mapping  sea-ice  parameters  is  difficult  to  begin  with,  so 
verifying  them  is  an  extremely  arduous  task  at  best.  NORDA 
has  enlisted  a  variety  of  spacebome  and  airborne  sensors  to 
determine  if  GEOSAT-determined  ice  edges  are  reasonable. 
The  verification  data  was  obtained  by  using  a  combination  of 
AVHRR  and  airborne  passive  and  active  microwave  sensors. 

NORDA  chose  NOAA  AVHRR  data  as  the  prime  veri¬ 
fication  tool  because  it  has  the  following  characteristics:  A 
large  swath,  frequent  repeat  times  and  thus  good  temporal 
matchups,  1-km  spatial  resolution,  and  multispectral  imaging. 
The  majority  of  comparisons  with  GEOSAT  data  involved  1- 
km  visible  data  in  the  East  Greenland  Sea.  A  more  limited  data 
set  was  collected  in  the  Kara  Sea  and  the  Antarctic  using  1  -km 
IR  data. 

The  marginal  ice  zone  (MIZ)  within  the  East  Greenland  Sea 
takes  on  a  host  of  shapes  and  perturbations  dependent  on  the 
combined  wind  and  current  conditions.  Very  accurate  ice-edge 
boundaries  can  be  defined  when  wind  flow  is  toward  the  ice 
(“on  ice").  The  MIZ  becomes  very  compact  as  many  loose 
pieces  and  floes  converge  toward  a  new  and  well-defined  line 
of  demarcation  between  open  water  and  sea  ice.  These 
conditions  have  been  used  as  much  as  possible  in  this  study  in 
order  to  increase  the  accuracy  of  AVHRR  ice-edge  locations 

Sharp  ice  edges  along  the  MIZ  and  the  fact  that  numerous 
GEOSAT  tracks  cross  the  Greenland  coast  between  60°  N  and 
U ’  N  permit  the  generation  of  3  to  4  ice  edge  points  per  day. 
provided  that  the  cloud  conditions  are  favorable.  Generally,  in 
March.  April,  and  May  cloud-free  viewing  is  at  a  maximum 
and  numerous  images  covering  large  ice-edge  segments  are 


available  for  acquisition  by  NORDA's  Satellite  Digital  Re¬ 
ceiving  and  Processing  System  (SDRPS).  SDRPS  can  access 
both  Local  Area  Coverage  (LAC— 1  km)  and  Global  Area 
Coverage  (GAC— 4  km)  data. 

Fig.  9  represents  a  typical  example  of  the  advantages  and 
disadvantages  inherent  in  the  original  NORDA  GEOSAT  sea- 
ice  index.  The  May  10.  1987.  image  (AVHRR  channel  2. 
surface  reflectance)  has  been  subsampled  by  two  to  show  the 
ice  edge  from  67°  N  to  72°  N.  The  resultant  2-km  resolution 
image  (512  x  512  pixels  or  about  1000  km  on  a  side)  contains 
a  well-delineated  MIZ  extending  along  all  but  the  extreme 
southern  sections  where  clouds  obscure  the  coast  and  the 
waters  south  and  west  of  Iceland. 

The  image  has  been  calibrated  and  earth  located  to  1 -pixel 
accuracy  using  NORDA’s  Interactive  Digital  Satellite  Image 
Processing  System  (IDSIPS).  This  set  of  hardware/ software  is 
based  on  a  VAX  8300  computer  and  an  International  Imaging 
System  (I:S)  display.  The  polar  stereographic  projection  is 
labeled  with  1°  latitude  and  5°  longitude  grid  lines,  while  the 
land  mask  is  inlaid  within  a  graphics  plane.  The  image  has 
been  contrast-stretched  to  bring  out  the  sea-ice  features,  while 
ignoring  the  thin  clouds  in  the  west. 

Three  ascending  and  two  descending  GEOSAT  tracks  pass 
over  sea  ice  on  May  10.  1987.  All  ascending  tracks  intersect 
the  ice  edge  in  a  near-perpendicular  transect  with  only  the 
southern  one  appearing  to  miss  flagging  the  ice  edge  correctly, 
as  seen  by  matching  the  AVHRR  edge  location  with  the  first 
spike  in  ice-index  values.  Both  descending  tracks  do  quite  well 
on  the  ice  edge,  but  nonetheless  illustrate  a  frequent  problem 
involving  data  gaps  (i.e..  large  sections  have  index  values  less 
than  1  or  are  missing  for  some  reason). 

The  northernmost  track  readily  exhibits  numerous  data  gaps 
consisting  of  2  to  5  data  points.  The  absence  of  ice-index 
values  causes  the  ice  analyst  confusion— should  the  data  holes 
be  interpreted  as  open-water  segments  or  simply  bad  data'1  A 
similar  situation  is  also  depicted  in  the  descending  pass  that 
grazes  the  MIZ  and  hits  sea  ice  four  separate  times.  The  initial 
ice  edge  is  marked  well  in  some  cases,  but  poorly  in  others. 

NORDA  undertook  an  effort  to  explain  the  data  gaps  by  first 
looking  at  the  parameters  used  to  compute  the  ice  index.  AGC 
and  VATT.  These  values  were  plotted  along  several  tracks  and 
quickly  exposed  a  major  problem.  VATT  numbers  were  often 
negative,  thus  causing  the  ice-index  value  to  be  set  to  zero  via 
a  data  quality  check.  Further  study  revealed  that  the  VATT 
value  being  used  was  not  the  one  directly  based  on  features  of 
the  altimeter  return  waveform  (3).  The  VATT  parameter  has 
been  adjusted  so  that  tables  previously  prepared  for  use  in  the 
calculation  of  off-nadir  angle  corrections  to  ocean  (water) 
parameters,  based  on  preflight  calibration,  could  be  used 
without  modification.  The  adjustment  was  a  linear  transforma¬ 
tion:  Multiplication  by  one  constant  and  the  addition  of 
another.  This  adjustment  resulted  in  the  frequent  production  ot 
negative  VATT  values  for  return  pulses  from  ice 

NORDA  (with  the  help  of  S  Laxon)  proceeded  to  recom¬ 
pute  the  original  V  ATT  v  alues  and  insert  them  into  the  sea-ice 
index  formula  (2)  The  results  are  dramatically  evident  in  Fig 
10.  All  the  data  gaps  have  been  eliminated  and  two  verv 
important  facts  are  clear 
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1)  The  location  of  ice-edge  positions  has  been  enhanced,  as 
is  evident  in  the  much  better  agreement  that  now  exists  for  the 
southernmost  track  as  well  as  the  MIZ  transect.  The  four 
discrete  zones  or  perturbations  eastward  of  the  track  are  very 
accurately  detected  with  the  new  sea-ice  index. 

2)  The  removal  of  data  gaps  now  permits  the  analyst  to  map 
ice  within  the  ice  edge,  whereas  data  gaps  previously  limited 
the  interpretation  to  the  edge  only. 

It  is  also  quite  interesting  to  note  the  high  variability- 
associated  w  ith  the  index  values  as  the  sensor  traverses  from 
open  water,  through  the  MIZ.  into  the  pack  ice.  and  then  up 
onto  the  fast  ice  near  shore.  Thus,  the  question  is  whether  the 
ice  index  is  sensitive  to  ice  concentration  or  some  form  of  ice 
type  manifested  in  characteristics  such  as  roughness.  Subse¬ 
quent  examples  will  begin  to  clarify  this  idea. 

We  therefore  present  the  data  collected  on  February  21. 
1986.  in  the  Kara  Sea.  Fig.  1 1  is  a  full  1-km  resolution  (512  x 
512)  infrared  (AVHRR  channel  4)  image  with  three  super¬ 
imposed  GEOSAT  tracks  and  the  accompanying  original 
NORDA  sea-ice  index.  The  data  gap  problem  is  once  again 
prominent  and  strictly  limits  ice-index  utilization  for  this  area. 
However,  several  other  ice-index  features  are  seen  for  the  first 
time.  The  Kara  Sea  is  characterized  by  the  presence  of  two 
basic  ice  types.  Rough  first-year  ice  covers  the  largest  area  and 
is  identified  by  the  bright  white  (cold)  IR  signature  with 
numerous  leads  running  among  it.  Smooth,  dark  (warm),  very 
young,  thin  ice  is  evident  in  the  refiozcn  polynya  to  the  west 
and  in  the  rerrozen  lead  located  on  the  far  right.  These  IR- 
defined  ice  types  are  reflected  in  the  original  ice  index  by 
large,  highly  variable  values  over  the  new  ice  and  much 
smaller  homogeneous  values  over  the  high-concentration  first- 
year  ice. 

Fig.  12  reveals  the  changes  made  when  the  updated  ice 
index  is  calculated.  The  data  gap  problem  has  been  eliminated 
once  again,  but  the  index  variability,  so  readily  seen  in  the 
revised  East  Greenland  Sea  image  (Fig.  10)  and  in  the  original 
Kara  Sea  image  (Fig.  11).  has  be0-,  reduced  considerably. 
There  is  still  a  factor-of-two  increase  in  index  values  over  the 
young,  thin  ice.  with  some  spikes  in  the  tcfr^zen  lead,  but  we 
have  lost  much  of  the  sensitivity  apparent  earlier. 

NORDA  is  presently  looking  into  several  means  to  optimize 
the  combination  of  AGC  and  VATT  for  production  of  a 
general  purpose  ( i  e. .  all  regions  and  seasons)  ice  index  that 
can  be  used  to  detect  ice  edges  and  ice  types.  This  goal  may 
not  be  feasible  and  an  increased  regional  emphasis  may  have  to 
be  adopted. 

VII.  Fltlre  Work 

Several  opportunities  exist  to  help  answer  some  of  the 
questions  raised  here.  NORDA  will  continue  to  acquire 
AVHRR  data  periodically  in  both  polar  regions  for  direct 
comparisons  with  the  GEOSAT  sea-ice  index.  Extensive  data 
sets  in  the  Chukchi  and  Beaufort  Seas  have  been  collected  and 
are  nearing  process  completion  NORDA  has  also  collected 
nine  tracks  of  K-Band  Radiometric  Mapping  System  (KRMS. 
33-GHz  passive  microwave)  data  in  March.  1987.  within  the 
East  Greenland  Sea  This  scanner  underflew  3  to  4  GEOSAT 
tracks  per  day  as  outlined  in  Fig  1  The  KRMS  swath  allows 
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the  sensor  to  straddle  the  GEOSAT  footprint  ( 15  km  at  20  000 
ft.  7.5  km  at  10  000  ft)  while  still  providing  very  good  spatial 
resolution  [12],  [13],  This  data  is  now  being  processed  to 
provide  a  highly  accurate  breakdown  of  ice  concentration  by 
ice  type  within  the  GEOSAT  footprint. 

Airborne  Synthetic  Aperture  Radar  (SAR)  data  from  the 
Interra  STAR  2  System  [14)  was  also  collected  for  five 
GEOSAT  underflights  during  April.  1987.  at  the  end  of 
MIZEX-87  [15].  This  joint  effort  with  two  NORDA  pro¬ 
grams.  the  ERS-1  Advanced  Sensor  Analy  sis  Program  and  the 
Satellite  Applications  and  Technology  Program,  acquired 
excellent  quality  high-resolution  digital  SAR  imagery  along 
the  altimeter  tracks.  These  transects  sampled  a  variety  of  ice 
types  and  will  help  greatly  in  delineating  the  full  potential  of 
the  sea-ice  index. 

Another  approach  that  NORDA  deems  promising  is  the 
application  of  linear  unmixing  theory  to  the  extraction  of  ice 
types  and  concentrations  from  altimeter  waveform  data. 
Unmixing  theory  has  been  applied  for  many  years  to  a  variety 
of  geology  problems  [16],  Recent  work  in  unmixing  theory 
[17]  has  extended  these  analysis  techniques  into  new  areas 
such  as  waveform  analysis.  Application  of  this  method,  which 
treats  waveforms  as  multivariate  data  vectors  formed  by 
variable  combinations  of  pure  "end  members."  is  underway 
for  several  cases  where  coincident  SAR.  photography  ,  passive 
microwave  imagery,  or  ground  truth  is  available.  These  data 
sets  should  permit  a  thorough  evaluation  of  the  unmixing 
approach  to  waveform  analysis. 

It  appears  likely  that  additional  sea-ice  information  can  be 
derived  from  the  waveform  data  or  possibly  the  ice  index 
itself.  Analysis  of  the  coincident  airborne  data  base  w  ill  be  the 
first  step  NORDA  takes  in  investigating  the  potential  expan¬ 
sion  in  applications.  This  field  of  study  holds  promise  in 
increasing  our  utilization  of  the  limited  space  platforms  now  in 
orbit  or  soon  to  be  launched  (ERS-I  and  TOPEX  will  carry 
microwave  altimeters).  Cooperative  efforts  are  encouraged, 
since  polar  data  collection  programs  are  prohibitively  expen¬ 
sive.  In  this  framework,  NORDA  is  actively  planning  partici¬ 
pation  in  ground  truth  and  algorithm  research  programs  for 
these  environmental  platforms. 
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Numerical  forecasts  using  simulated  altimeter  data  are  generated  in  order  to  examine  the  assimilation 
of  altimeter-derived  sea  surface  heights  into  numerical  ocean  circulation  models  A  one-laver  reduced 
gravity  primitive  equation  circulation  model  of  the  Gulf  of  Mexico  is  utilized:  the  Gulf  of  Mexico  is 
chosen  because  of  its  amenability  to  modeling  and  the  ability  of  low  vertical  mode  models  to  reproduce 
many  of  the  observed  dynamical  features  of  gulf  circulation  The  simulated  data  are  obtained  by  flying  a 
hypothetical  altimeter  over  the  model  ocean  and  sampling  the  model  sea  surface  in  a  manner  similar  to  a 
real  altimeter.  The  data  are  used  to  examine  spatial  sampling  requirements  for  accurate  resolution  of 
oceanic  eddies  and.  in  forecast  mode,  the  assimilation  of  asynoptic  altimeter  data  into  numerical  models. 
Results  indicate  that  for  a  stationary  circular  eddy,  approximately  two  tracks  (either  ascending  or 
descending!  across  the  eddy  are  sufficient  to  ensure  adequate  spatial  resolution  An  irregularly  shaped 
eddy  mav  require  three  or  four  tracks  In  addition,  the  study  reveals  that  if  the  track  spacing  is  sufficient 
to  resolve  the  height  field  of  an  eddy,  the  along-track  geostrophic  velocity  component  is  determined  with 
equivalent  accuracy  to  that  of  the  cross  track  component  Simulated  Gulf  of  Mexico  circulation  forecasts 
suggest  that  the  numerical  model  can  effectively  assimilate  asynoptic  altimeter  measurements.  Optimum 
sampling  strategies  for  a  single  beam  altimeter  and  intermittent  updating  of  the  nowcast  forecast  are 
examined 


1.  Introduction 

The  satellite  radar  altimeter  offers  the  most  promising  capa¬ 
bility  of  routinely  providing  timely  global  observations  suit¬ 
able  for  initializing  an  ocean  circulation  forecasting  model  [for 
example.  Hurlburt.  1984],  Other  informative  reviews  on  the 
use  of  satellite  altimetry  to  study  the  ocean  circulation  are 
provided  by  Wunscft  and  Gaposchkin  [1980]  and  Fu  [1983]. 
The  determination  of  absolute  geostrophic  velocities  adequate 
for  ocean  prediction  requires  the  measurement  of  sea  surface 
topography  relative  to  the  geoid  to  an  accuracy  of  5-10  cm 
(see  the  reviews  mentioned  above).  Although  the  altimeter 
measurement  of  sea  surface  topography  can  be  performed 
with  this  precision  (see  Tapley  el  al.  [1982]  for  a  discussion  of 
Seasat  accuracy),  the  publicly  available  geoid  is  too  noisy  to 
satisfy  this  requirement  [ Zloimcki ,  1984],  However,  imptoved 
analysis  techniques  and  satellite  missions  such  as  GRAVSAT 
are  expected  to  reduce  the  uncertainty  of  the  geoid  to  the 
extent  that  ocean  monitoring  and  prediction  using  altimeter 
data  are  realistic  goals  [Committee  on  Geodesy.  1985;  Thomp¬ 
son,  this  issue]. 

In  addition  to  the  observational  accuracy  requirements  and 
an  accurate  knowledge  of  the  geoid,  a  viable  oceanic  now- 
cast  forecast  will  also  depend  on  an  innovative  development 
of  sampling  strategies,  four-dimensional  data  assimilation 
techniques,  and  initialization  methods.  The  assimilation  prob¬ 
lems  presented  by  noisy,  asynoptic  data  and  the  vertical  trans¬ 
fer  of  surface  observations  into  useful  subsurface  information 
are  nontrivial  For  example,  the  difficulty  of  a  single  nadir 
beam  altimeter  to  provide  a  truly  synoptic  measurement  that 
adequately  resolves  the  mesoscale  eddy  field,  major  current 
systems,  and  fronts  poses  a  significant  challenge  to  the  devel¬ 
opment  of  skillful  forecasting  ability.  Hence  the  thrust  of  this 
report  is  an  examination  of  spatial  and  temporal  sampling 
strategies  that  optimize  the  usefulness  of  asynoptic  altimeter- 
derived  sea  surface  heights  in  ocean  monitoring  and  predic- 
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tion.  In  order  to  isolate  the  effects  and  problems  of  asynoptic 
data,  perfect  lie.,  uncontaminated  by  geoid.  tide,  or  noisel 
simulated  altimeter  data  will  be  used  in  conjunction  with  a 
one-layer  reduced  gravity  numerical  model.  In  particular,  this 
work  will  attempt  to  determine  the  track  spacing  that  resolves 
the  detectable  meandering  current  systems  and  eddies  and  tc 
investigate  the  ability  of  numerical  circulation  prediction 
models  to  fill  in  the  resulting  temporal  gaps.  In  related  studies. 
Hurlburt  [this  issue]  examines  the  dynamic  transfer  of  synop¬ 
tic  altimeter  data  into  subsurface  information  and  Thompson 
[this  issue]  uses  a  Gulf  of  Mexico  model  with  realistic  basin 
geometry  and  bottom  topography  to  assess  the  effects  of  geoid 
uncertainty  and  contaminated  data  on  the  numerical  predic¬ 
tion 

A  one-laver  reduced  gravity  primitive  equation  circulation 
model  of  the  Gulf  of  Mexico  [ Hurlburt  and  Thompson.  1980] 
is  utilized  to  examine  the  methodology  of  incorporating  asy¬ 
noptic  satellite  altimeter  data  into  ocean  forecasting  models 
Simulated  altimeter  measurements  of  sea  surface  height  are 
obtained  by  (1)  integrating  the  model  to  statistical  equilibri¬ 
um.  (2l  flying  a  hypothetical  altimeter  over  the  model  ocean, 
and  (31  objectively  mapping  the  perfect  data  onto  a  numerical 
grid.  The  model  is  initialized  and  restarted  using  the  "ob¬ 
served"  field,  and  the  subsequent  forecast  (up  to  several 
months)  is  compared  to  the  true  solution  Additional  experi¬ 
ments  are  performed  in  which  the  simulated  altimeter  data  are 
periodically  inserted  into  the  numerical  solution  on  a  track  by 
trac,.  basis  This  approach  permits  an  investigation  of  the 
maximum  track  spacing  for  mesoscale  mapping,  the  orumum 
sampling  period  track  spacing  for  repeat  orbits,  four- 
dimensional  data  assimilation  methods,  initialization  schemes, 
and  techniques  for  updating  the  forecast  In  section  2.  the 
numerical  model  and  the  Gulf  of  Mexico  (GOM)  simulations 
are  described  Section  3  examines  the  track  spacing  required 
to  resolve  isolated  stationary  eddies  and  'he  associated  geo- 
sttopluc  velocity  held  Section  4  begins  the  studs  of  incorpor¬ 
ating  asynoptic  altimeter  data  into  numerical  models  for  the 
purpose  of  generating  accurate  nowcasts  and  forecasts  In  sec¬ 
tion  5  the  asynoptic  assimilation  studies  arc  continued  but  for 
a  more  difficult  GOM  simulation,  the  model  ocean  is 
characterized  by  much  greater  temporal  and  spatial  v aria- 
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Fig  1  Rectangular  model  basin  superimposed  on  a  map  of  the  Gulf 
of  Mexico 

bilitv  The  assimilation  experiments  described  herein  focus  on 
the  problems  of  spatial  resolution  and  asynoptic  data,  given 
accurate  dynamic  sea  surface  heights  derived  from  a  single¬ 
beam  radar  altimeter 

2.  The  Gllf  of  Mexico  Model 
The  Gulf  of  Mexico  has  been  chosen  for  this  study  for 
several  reasons.  As  a  semienclosed  sea  with  well-defined  inflow 
and  outflow  ports,  it  is  highly  amenable  to  modeling.  The 
basin  is  small  enough  to  permit  a  relatively  large  number  of 
experiments  with  tine  resolution  and  is  large  enough  to  exhibit 
the  dynamical  features  found  in  larger  ocean  basins.  The  pri¬ 
mary  forcing  in  the  gulf  is  the  intense  Loop  Current,  which 
enters  through  the  Yucatan  Straits  and  exits  through  the  Flor¬ 
ida  Straits  Approximately  once  per  year,  the  Loop  Current 
sheds  an  anticyciomc  eddy  that  propagates  westward  Both 
the  Loop  Current  and  the  associated  eddies  have  large  sea 
surface  signatures  I  -  30-75  cml  In  addition,  the  eddies  propa¬ 
gate  slowly  I  -  3  cm  si  and  have  large  horizontal  scales  (200- 
500  km  in  diameter)  These  attributes  make  the  Gulf  of 
Mexico  an  especially  attractive  region  for  the  study  of  oceanic 
prediction  during  the  extended  GEOSAT  mission  with  a 
1 7-day  repeat  orbit 

The  numerical  simulations  use  the  one-layer  reduced  grav¬ 
ity  version  of  the  Hurlhurt  and  Thompson  [1980]  model  of  the 
Gulf  of  Mexico  circulation  This  formulation  represents  the 
ocean  as  two  incompressible  homogeneous  layers,  the  lower 
layer  is  infinitely  deep  and  motionless.  The  governing  equa¬ 
tions  are 

r'V 
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Figure  I  shows  the  model  domain  superimposed  on  a  map  of 
the  Gulf  of  Mexico.  The  20  counterclockwise  rotation  of  the 
Gulf  of  Mexico  is  neglected.  The  model  is  driven  from  rest  by 
prescribed  inflow  through  the  Yucatan  Straits  isouthern  port) 
and  compensated  by  outflow  through  the  Florida  Straits  No 
wind  forcing  is  included  in  the  experiments  discussed  below 
The  momentum  equation  in  the  lower  layer  is 

dV;  =  —i f'Vh  1 2 1 


(a) 


f  ig  2  Ascending  and  descending  tracks  during  ;hc  nominal  geo¬ 
detic  mission  of  (ihONAT  ui  Coverage  alter  three  uayv  At  this 
point  adiacent  truk-ks  in  the  ( » u If  of  Mexico  are  I  dav  apart  and 
separated  approximately  ’*»>  km  ihi  Track  pattern  after  »t»  davs 
I  he  tracks  till  the  open  regions  from  left  to  right  \d|accnt  tracks  are 
three  da\s  apart  and  separated  hv  approximately  ^  km  in  the  (»ulf  of 
M  exico  About  1  days  are  required  for  the  entire  pattern  to  fiil  in 
■  (  .ujrtesv  /  Hallovk  Navai  (Kean  Research  and  Development 
\  v  ’  i  '•  :  t  v  1  N(  iRDMl 
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where  •  is  the  free  surface  anomaly.  Definitions  for  all  symbols 
are  provided  in  the  notation  section.  Hence  the  interface 
(model  pycnocline)  slope  is  an  inverted  representation  of  the 
surface  height  field.  This  is  an  advantageous  formulation  for 
altimeter  applications  because  the  internal  pressure  field  is 
uniquely  determined  by  the  sea  surface  height  variations.  In 
spite  of  its  simplicity  the  model  has  demonstrated  a  remark¬ 
able  ability  to  reproduce  such  observed  features  as  the  shed¬ 
ding  of  eddies  from  the  Loop  Current  with  realistic  diameters, 
amplitudes,  and  westward  propagation  speeds  [ Hurlburi  and 
Thompson,  1980], 

Two  numerical  simulations  of  the  Gulf  of  Mexico  circu¬ 
lation  have  been  chosen  to  serve  as  the  model  ocean.  These 
"true"  simulations  will  be  sampled  in  order  to  obtain  the  sim¬ 
ulated  altimeter  data:  the  results  of  the  experiments  that  use 
the  simulated  measurements  will  be  compared  to  the  true 
solutions  to  assess  optimum  sampling  and  assimilation  tech¬ 
niques.  The  first  control  simulation  is  experiment  RG8  from 
Hurlburi  and  Thompson  [1980],  The  grid  spacing  is  20  km  and 
ihe  lateral  eddy  viscosity  coefficient  is  300  m*  s  The  values  of 
other  parameters  are  given  in  Table  1  In  this  simulation  the 
period  of  the  eddy  shedding  from  the  Loop  Current  has  an 
average  value  of  366  days  with  a  standard  deviation  of  37 
days.  The  anticyclonic  eddy,  which  is  quite  circular  in  shape. 


Tig  t  lai  Ascending  and  descending  tracks  (separation  equjls 
100  km]  of  an  hypothetical  allimeier  superimposed  on  the  (>OM 
simulation  at  dav  1120  The  model  is  a  one  active  laser  reduced 
gravity  formulation  in  which  the  slopes  of  the  model  interface  and 
surface  arc  related  by  a  V/t  uV,  Hence  the  contours  may  be 
viewed  as  the  deviation  of  the  mo. (el  interface  isurfacei  from  its  initial 
flat  position  with  a  contour  interval  of  10  rn  i~3  emi  Soltd  lines 
denote  a  depression  Irisei  of  the  pycnocline  isurfacei  and  dashed  lines 
represent  a  pycnocline  isurfacei  ris.  ideprcssioni  The  solution  is  treat¬ 
ed  as  stationarv  during  the  sampling  process  ibi  \  reconstruction  of 
the  numerical  solution  at  da  .  I  120  from  the  v  .lues  sampled  along  the 
tracks  in  lul 


y 


big.  4  The  RMS  error  difference  between  the  interpolated  field 
and  the  true  numerical  solution  of  an  isolated,  stationary  eddy  as  a 
function  of  the  ratio  y  of  eddy  diameter  to  track  separation  The  solid 
line  is  the  RMS  error  when  both  ascending  and  descending  tracks  are 
used,  whereas  the  dashed  line  is  the  same  calculation  utilizing  only 
ascending  or  descending  tracks  The  RMS  error  is  normalized  by  the 
standard  deviation  of  the  true  solution. 

propagates  westward  at  an  approximate  speed  of  4  cm  s.  The 
interface  deviation  associated  with  the  eddy  has  a  maximum 
value  of  approximately  130  m.  which  corresponds  to  a  surface 
signature  of  39  cm.  The  eddy  diameter  is  nearly  600  km.  and 
maximum  current  speeds  within  this  region  are  of  the  order  of 
70  cm  s.  In  the  second  control  simulation  the  grid  spacing 
and  eddy  viscosity  are  reduced  to  10  km  and  100  m:  s.  respec¬ 
tively;  the  values  of  other  model  parameters  are  unchanged. 
Although  the  essential  features  of  the  two  solutions  are  simi¬ 
lar.  there  are  a  few  important  differences.  Among  them  are 
that  in  the  10-km  experiment,  the  anticyclonic  eddies  which 
break  from  the  Loop  Current  are  noncircular,  have  larger 
amplitudes,  and  exhibit  a  much  more  irregular  behavior  pat¬ 
tern  than  in  the  20-km  case  In  this  simulation,  the  anti¬ 
cyclonic  eddy  is  approximately  the  same  size  but  much  more 
irregularly  shaped  The  amplitude  of  the  interface  deviation  is 
nearly  170  m  l  —  50  cm  surface  signature.,  and  the  westward 
propagation  speed  is  about  4  cm  s.  The  eddy  shedding  period 
is  slightly  greater  than  1  yr  but  has  a  much  greater  variability. 
Moreover,  the  behavior  of  the  10-km  grid  simulat.on  is  much 
more  nonlinear  and  irregt  lar  than  that  of  the  20-km  grid  case 


3.  Stationary  Sampling 

An  important  parameter  in  the  design  of  a  sampling  strat¬ 
egy  is  the  minimum  number  of  tracks  across  an  eddy  to  ensuu 
accurate  mapping  The  inverse  relationship  between  track 
spacing  and  repeat  period  suggests  that  oversampling  the  eddy 
field  with  track  spacing  narrower  than  required  may  result  in 
poor  temporal  resolution  The  sampling  dilemma  is  well  illus¬ 
trated  in  the  Gulf  Stream  region  by  Chenev  and  Marsh  [1981] 
and  Chenev  [1982]  in  whose  work  Seasat  tracks  are  shown 
relative  to  the  observed  warm  and  cold  core  rings  Clearly,  the 
spacing  of  the  1 7-day  quasi-repeat  track  pattern  is  not  suf¬ 
ficient  to  map  all  the  eddies,  but  narrower  spacing  might  not 
yield  a  sufficientlv  synoptic  measurement 

As  a  first  step  in  designing  an  optimum  sampling  strategy 
for  r..esoscale  modeling  and  forecasting,  the  track  spacing  re¬ 
quired  to  adequately  resolve  a  stationary  eddy  is  examined 
T  he  simulated  altimeter  measurements  in  < .  report  are  based 
on  ihe  orbital  parameters  lie.  altitude,  inclination,  and  track 
sequence)  'r  the  GLOSAT  mission  The  satellite  track  se¬ 
quence  during  the  first  18  months  of  GLOSAT  is  shown  in 
1  igure  2  The  pattern  produces  an  equatorial  track  separation 
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GOM  HEIGHT  HELD  WITH  ASCENDING  TRACKS  DAY  1680 
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Fig.  5.  Synoplic  sampling  of  10  km  "rid  simulation  (a)  Solution 
at  day  1680  of  fine  resolution  model  ocean  superimposed  with  ascend¬ 
ing  tracks  (spacing  equals  50  km)  (h)  Normalized  RMS  error  as  a 
function  of  ratio  of  eddy  diameter  to  track  spacing  Solid  and  dashed 
lines  are  as  in  Figure  4. 


of  40  km  with  global  coverage  in  approximately  70  days. 
(After  GEOSAT  was  launched,  the  equatorial  track  separation 
was  determined  to  be  117  km  with  global  coverage  in  approxi¬ 
mately  24  days  <  VI.  Lybanon,  personal  communication,  1985).) 
The  tracks,  however,  do  not  repeat;  the  geodetic  portion  of 
GEOSAT  will  be  followed  by  an  extended  mission  with  exact¬ 
ly  repeating  tracks  and  a  shorter  repeat  track  period  [ Mitchell 
el  al..  1985]. 

Track  spacing  is  defined  as  the  east-west  distance  between 
adjacent  tracks  aligned  in  the  same  direction.  The  poleward 
variation  of  the  separation  distance,  which  converges  towards 
higher  latitudes,  is  neglected  in  this  study.  This  convergence  is 
'_,i>en,  approximately,  by  the  cosine  of  the  latitude;  hence  the 
track  sepa.ation  at  25°N  would  only  be  reduced  by  about 
10%  from  th-  equatorial  value.  Figure  3a  si.  >ws  the  ascending 
and  descending  tracks  with  a  separation  of  100  km  superim¬ 
posed  on  the  numerical  solution  at  day  1120  of  the  20-km 
experiment.  The  inclination  angle  of  the  tracks  is  the  same  as 
in  Figure  2  (i.e.,  72  for  the  descending  tracks  and  108  for  the 
ascending  tracks)  The  track  sequence  is  not  pertinent  because 
the  model  ocean  is  assumed  to  be  stationary  The  values  of  the 
model  pycnocline  depth  which  for  a  one-layer  reduced  gravity 
model  are  directly  related  to  the  free-surface  elevation  (equa¬ 
tion  (2)).  are  sampled  approximately  every  20  km  along  the 
tracks.  Although  a  real  altimeter  samples  much  more  fre¬ 
quently  than  every  20  km.  the  data  are  usually  averaged  in 
time  to  reduce  observational  noise  Typically,  a  l-s  average  is 
used  [for  example.  Cheney.  1982],  which  for  satellites  at  the 
altitude  of  Seasat  or  GEOSAT  yields  an  along-track  sampling 


interval  of  7  km.  Hence  the  20-km  sampling  density  used  in 
these  experiments  is  a  coarse  (although  not  unrealistic)  sam¬ 
pling  interval.  Because,  in  general,  the  locations  of  the  obser¬ 
vation  points  do  not  coincide  with  the  mode)  grid  points,  the 
observation  is  an  interpolated  value  from  the  numerical  solu¬ 
tion.  The  measurement  locations  are  determined  by  the  inter¬ 
section  of  the  altimeter  tracks  with  lines  of  constant  latitude 
passing  through  the  height  field  points  of  the  numerical  grid. 
Hence  an  observation  is  a  linear  interpolation  from  the  nu¬ 
merical  solution  of  the  two  height  field  points  on  either  side 
(E-W)  of  the  measurement  position.  Bilinear  interpolation  was 
utilized  to  map  the  “observed"  data  back  to  the  numencal 
grid. 

Clearly,  a  track  separation  of  100  km  is  sufficient  to  deter¬ 
mine  the  height  field  of  Figure  3a  very  accurately;  the  RMS 
error  difference  between  the  height  fields  of  Figures  3a  and  3 h 
is  less  than  1%.  In  order  to  determine  the  variation  of  the 
RMS  error  as  a  function  of  track  spacing,  the  same  calcula¬ 
tions  were  performed  for  a  variety  of  track  separation  values. 
The  error  is  calculated  only  within  a  square  circumscribing 
the  large  anticyclonic  eddy  and  is  normalized  by  the  standard 
deviation  of  the  true  solution  within  the  square.  The  error  is 
presented  as  a  function  of  the  ratio  of  eddy  diameter  to  track 
separation  (y)  so  that  the  results  may  be  generalized  to  other 
situations. 

The  diameter  of  the  eddy  is  taken  to  be  600  km;  this  value 
was  determined  from  Figure  3a  simply  by  averaging  the  dis¬ 
tance  between  outermost  contours  of  the  eddy  in  the  north- 
south  and  east-west  directions  The  calculated  diameter  of  600 
km  is  larger  than  that  given  by  other  techniques,  such  as  twice 
the  e-folding  radius  or  the  distance  between  speed  maxima 
Hence  for  a  given  eddy,  the  calculated  ratio  of  eddy  diameter 
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Fig  6  Normalized  RMS  error  of  geostrophic  velocity  field  .s  a 
function  of  ratio  y  of  eddy  diameter  to  track  spacing  (ul  The  u  com¬ 
ponent  \b\  The  v  component  Solid  and  dashed  lines  a> '  as  in  I  igu*\ 
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to  track  spacing  is  conservatively  large.  For  each  value  of 
track  separation,  two  values  of  the  RV1S  error  are  calculated: 

1 1)  only  one  set  of  tracks,  i.e..  ascending  or  descending,  is  used 
in  the  analysis  and  (2|  both  ascending  and  descending  tracks 
are  used  to  reconstruct  the  height  field  The  results  (Figure  4) 
reveal  that  if  data  from  both  tracks  are  used,  track  separation 
as  large  as  an  eddy  radius  adequately  resolves  the  features. 
Additional  tracks  yield  only  a  slightly  improved  repre¬ 
sentation.  For  cases  in  which  the  ascending  and  descending 
tracks  sample  the  eddy  at  significantly  different  times,  it  may 
be  advantageous  to  assimilate  the  observations  from  only  one 
set  of  tracks.  In  such  instances.  Figure  4  suggests  that  approxi¬ 
mately  two  or  three  tracks  per  eddy  are  required. 

The  necessary  track  spacing  for  an  irregularly  shapeu  eddy 
was  examined  by  repeating  the  above  sampling  experiments 
with  the  10-km  Gulf  of  Mexico  simulation.  Day  1680  from 
this  case  was  chosen  and  is  shown  in  Figure  5a  with  ascending 
tracks  50  km  apart  superimposed.  The  average  diameter  of  the 
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72  DAY  REPEAT 


(b)  36  DAY  REPEAT 


Fig  T  Asynoptic  sampling  along  lhe  descending  tracks  of  the 
20  km  grid  simuladon  Contours  are  lhe  same  as  in  Figure  3  Dashed 
slraight  lines  denote  position  of  tracks  during  the  fast  half  of  the 
observing  period,  and  solid  lines  depict  satellite  tracks  during  the 
most  recent  half  of  the  repeat  period  The  most  recent  track  (day 
12(H))  is  a  so'.d  line  with  an  adiacent  dashed  line  loldesl  track)  to  the 
east  Repeat  period  for  each  case  is  lu)  72  days.  Ihl  36  days,  and  let  24 
days 


(c)  _  _ _ _ 24  DAY  REPEAT 


Fig.  8.  As  in  Figure  7.  but  for  ascending  tracks  Repeat  period  is  lul 
72  days,  Ibl  36  days,  and  lei  24  days. 

eddy  is  assumed  to  be  600  km.  Figure  5b  presents  the  normal¬ 
ized  RMS  error  between  the  true  and  observed  solutions  as  a 
function  of  the  ratio  y.  Not  surprisingly,  the  noncircular  eddy 
requires  more  tracks  than  the  symmetric  one.  From  Figure  5h. 
the  "break  point"  occurs  at  approximately  y  =  4:  hence  a  non- 
circular  eddy  requires  three  or  four  tracks  (ascending  or  de¬ 
scending)  for  adequate  resolution 

The  sampling  requirements  for  the  geostrophic  velocity  field 
are  presented  in  Figure  6.  Using  the  finer  resolution  experi¬ 
ment.  the  geostrophic  velocity  components  are  determined  by 
differencing  the  hetght  field  for  each  track  separation  value  in 
Figure  5a.  The  u  (east-west)  and  v  (north-south)  components 
were  computed  after  the  simulated  altimeter  data  were 
mapped  onto  the  numerical  grid.  Figure  6  displays  the  RMS 
error  of  the  geostrophic  velocity  components  relative  to  the 
true  geostrophic  field  associated  with  the  major  anticyclonic 
eddy  Note  that  the  error  in  both  the  u  and  t  components 
begins  to  increase  markedly  at  approximately  the  same  point 
as  for  the  height  field,  i  c  .  at  y  =  4.  At  higher  values  of 
(narrower  track  spacing),  both  velocity  components  are  deter¬ 
mined  with  comparable  accuracy,  although  about  twice  that 
of  the  height  field  error.  As  the  track  spacing  increases  beyond 
y  -  4.  tl  e  i  field  error  increases  much  more  rapidly  than  the  u 
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Fig.  9.  IjI  Normalized  RMS  error  versus  time  of  predictions  ini¬ 
tialized  with  ascending  track  observations  curve  1,  72-day  repeat, 
curve  2.  36-day  repeal;  curve  3,  24-day  repeat  Negative  days  denote 
nowcast  period,  while  positive  days  indicate  forecast,  lb)  Normalized 
RMS  error  versus  time  of  forecasts  in  which  the  nowcasts  were  ini- 
nali/ed  with  asynoptic  observations  from  the  72-day  repeat  period: 
curve  I,  i  itialized  with  ascending  data  Isa^-e  as  curve  I  in  lull;  curve 
2.  initialized  with  descending  track  observations. 

field  because  the  r  component  is  more  nearly  aligned  with  the 
along-track  velocity  component  than  with  the  cross-track 
component.  The  important  point  is  that  if  the  track  spacing 
adequately  resolves  the  eddy  height  field,  the  geostrophic  ve¬ 
locity  components  (regardless  of  track  orientation!  are  deter¬ 
mined  with  equivalent  accuracy  Hence  even  satellites  with 
high  inclination  angles,  i.e„  polar  orbiters,  can  provide  the 
north-south  velocity  field  given  track  spacing  sufficiently 
narrow  to  determine  the  height  field. 

4.  Asynoptk  Sampling  and  Assimilation.  Part  I 

A  variety  of  techniques  have  been  developed  for  the  assimi¬ 
lation  of  asynoptic  observations  into  numerical  weather  pre¬ 
diction  (NWP)  models  [Bengisson  et  at,  1981]  The  NWP 
initialization  updating  problem  is  one  of  combining  the  obser¬ 
vations  from  the  extensive  synoptic  network  with  asynoptic 
observations  such  as  remotely  sensed  data  Recently,  the 
statistical-dynamical  methods  developed  for  NWP  have  been 
modified  and  applied  to  the  numerical  prediction  of  ocean 
circulation  in  limited  area,  open  boundary  regions  [DeMey 
and  Robinson.  1984;  Robinson  and  Leslie.  1985]  DeMey  and 
Robinson  specifically  address  the  assimilation  of  altimeter 
data  into  quasi  geostrophic  models  for  the  POLYgon  Mid 
Ocean  Dynamics  Experiment  iPOLYMODFl  region  Their 
four-dimensionai  assimilation  techniques  arrive  at  an  initial 


condition  for  the  forecast  by  utilizing  predetermined  statistical 
parameters  of  the  circulation  fields  in  conjunction  with  vatel- 
lite  and  in  situ  observations.  In  regions  where  the  statistical 
parameters  are  'dequatelv  determined,  such  objective  analysis 
schemes  are  very  promising.  In  addition,  such  statistical  tech¬ 
niques  permit  the  formulation  of  optimum  sampling  strategies 
in  terms  of  correlation  length  and  time  scales.  If.  however,  a 
basin-wide  forecast  is  desired  /either  as  an  end  in  .tself  or  to 
provide  boundary  information  fiv  an  open  ocean  forecast), 
synoptic  in  situ  data  are  extremely  sparse,  and  the  •  itistics  of 
the  flow  field  may  not  be  adequately  determ. throughout 
the  basin.  In  such  cases  it  may  be  necessary  to  determine  the 
initial  state  of  the  forecast  using  only  asynoptic  satellite  data 
and  utilize  the  dynamics  of  the  model  as  the  primary  con¬ 
straints  on  the  assimilation  It  is  in  this  sense  that  the  assimi¬ 
lation  experiments  are  presented  herein  The  techniques  are 
admittedly  simple  and  intended  to  explore  fundamental  capa¬ 
bilities  and  problems  of  dynamic  assimilation  of  asynopfe 
data 

The  inverse  relationship  between  repeat  track  period  and 
track  separation  for  a  single  nadir  beam  altimeter  demands  a 
prudent  sampling  and  four-dimensional  assimilation  strategy 
for  optimum  results.  If  *ne  dynamical  features  of  interesi 
necessitate  narrow  track  spaemg.  the  temporal  reso1  ’ion  may 
be  inadequate  unless  a  nurmneal  model  is  able  to.  rill  in  the 
temporal  gaps.  This  problem  is  illustrated  by  Figure  7.  m 
which  the  interpolated  Gulf  of  Mexico  height  field  is  shown 
for  repeat  track  periods  of  12.  36.  and  24  days:  the  respective 
track  separation  values  for  these  periods  are  40.  80.  and  120 
km.  The  20-km  grid  GOM  simulation  is  utilized  as  the  "true  " 
ocean  height  field  The  model  ocean  is  sampled  during  the 
repeat  period  in  a  manner  similar  to  that  of  a  real  altimeter 
The  track  sequence  is  virtually  identical  to  that  shown  in 
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1 !  7  V  and  1 1  “'ft  (M  Same  as  i<ji.  but  \2  days  later 


2424 


Kindle  Sampling  Strategies  and  Model  Assimuation  of  Altimetric  Data 


Figure  2.  except  that  the  tracks  that  are  separated  oy  approxi¬ 
mately  900  km  in  space  and  I  day  in  time  (Figure  2ui  are 
assumed  to  occur  on  the  same  day  This  slight  difference 
merely  simplifies  the  assimilation  experiments  but  does  not 
modify  the  results  In  addition,  the  satellite  is  assumed  to  lay 
down  exactly  repeating  ‘racks:  the  spacing  between  adjacent 
track-,  is  the  equatorial  separation  distance. 

The  reconstructed  height  fields  shown  in  Figure  ?  were  ob¬ 
tained  by  using  only  information  from  the  ascending  tracks 
and  by  treating  the  asynoptic  observations  as  synoptic  The 
most  recent  satellite  track  occurs  on  day  1200  of  the  model 
simulation  and  is  approximately  at  the  same  position  for  each 
of  the  three  sampling  periods.  In  order  to  ensure  uniform 
coverage  of  the  basin,  the  hypothetical  altimeter  samples  the 
model  ocean  for  a  duration  nearly  equal  to  the  repeat  track 
period.  Hence  the  sampling  period  is  from  day  1131  to  day 
1200  for  the  72-day  repeat  track  case,  day  1167  to  day  1200 
for  the  36-day  case,  and  from  day  1179  to  day  1200  for  the 
24-day  repeat  track  period.  No  four-dimensional  assimilation 
techniques  were  employed  to  construct  the  fields  shown  in 
Figure  7.  The  essential  result  of  these  sampling  experiments  is 
that  the  westward  propagation  of  the  anticyclonic  eddy,  to¬ 
gether  with  the  eastward  progression  of  satellite  tracks,  causes 
the  eddy  to  be  distorted,  with  the  greatest  distortion  being  just 
east  of  the  most  recent  track.  Clearly,  the  72-day  repeat  track 
case  is  affected  most  bv  the  asynoptic  sampling.  Although  the 
24-day  case  does  exhibit  some  distortion  of  the  eddy,  its  pri¬ 
mary  disadvantage  is  poor  spatial  resolution,  particularly 
along  the  meridional  boundaries. 

It  should  be  noted  that  the  ground  tracks  of  the  nominal 
C'EOSAT  orbit  will  be  modified  for  the  extended  mission  to 
repeat  exactly  with  a  period  of  17  days  The  primary  alternate 
orbit  has  a  34-day  repeat  period  (J.  L.  Mitchell,  personal  com¬ 
munication.  1985).  The  17-day  repeat  period  orbit  was  not 
examined  in  this  study:  for  track  spacing  greater  than  130  km, 
the  simple  interpolation  scheme  generated  large  gradients 
along  the  N-S  boundaries  that  the  model  could  not  handle. 
Future  experiments  will  incorporate  a  more  sophisticated  in¬ 
terpolation  scheme,  and  the  shorter  repeat  orbits  will  be 
examined. 

The  numerical  experiments  in  this  section  begin  with  now¬ 
casts  that  are  initialized  from  the  asynoptic  altimeter  data  of 
the  72-.  36-.  and  24-day  repeat  track  sampling  periods.  The 
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Fig  1 1  Normalized  RMS  error  versus  time  of  forecasts  in  which 
updating  interval  is  varied  Curve  1,  no  updating,  but  field  is  reinitia¬ 
lized  with  geostrophically  balanced  velocity  field  every  3  days,  curve 
2.  update  every  3  days,  curve  3,  no  update,  same  as  curve  1  in  Figure 
9 h .  curve  4.  update  every  b  days,  curve  5.  update  every  18  days,  curve 
6.  update  every  12  days 
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Fig  12.  RMS  error  versus  time  of  forecasts  in  which  duration 
and  timing  of  updating  is  varied  When  updating  is  applied,  the 
period  is  every  12  days,  lul  Nowcast  initialized  ai  day  -36  curve  1. 
no  updating,  same  as  curve  3  in  Figure  1 1 .  curve  2.  update  nowcast 
but  not  forecast,  curve  3,  update  nowcasl  and  forecast  ih)  Curve  1. 
>ame  as  1  in  (ul.  curve  2.  nowcast  initialized  ai  day  -  '2  and  updated 
every  12  days  Forecast  is  not  updated,  curve  3.  update  nowcast  and 
forecast 


RMS  errors  of  the  forecasts  relative  to  the  true  solutions  are 
calculated  and  compared  It  is  shown  that  two  forecasts  ini¬ 
tialized  with  the  data  from  the  ascending  and  descending 
tracks,  respectively,  yield  significantly  different  results — a  find¬ 
ing  that  is  incompatible  with  the  development  of  an  accurate 
forecasting  methodology.  An  initialization  scheme  is  devel¬ 
oped  tiiat  updates  the  nowcast  with  the  simulated  altimeter 
data  in  order  to  provide  a  more  accurate  initial  condition  for 
the  forecast.  The  optimum  updating  period  and  the  consist¬ 
ency  of  the  initialization  scheme  are  examined  Finally,  fore¬ 
casts  utilizing  the  initialization  scheme  and  the  asynoptic  riaia 
from  the  72-.  36-,  and  24-day  sampling  periods  are  generated 
A  quantitative  assessment  of  the  space  time  sampling 
schemes  is  determined  by  initializing  the  numerical  model 
using  the  simulated  altimeter  data,  running  the  model  in  fore¬ 
cast  mode,  and  calculating  the  RMS  difference  between  the 
forecast  and  the  true  solution.  Initial  conditions  are  deter¬ 
mined  by  treating  the  simulated  altimeter  observations  as  a 
synoptic  "snapshot"  valid  at  the  midpoint  of  the  observing 
period.  Initial  velocity  components  are  determined  geostroph¬ 
ically  from  the  height  field  Because  the  most  recent  satellite 
track  used  in  the  initialization  is  at  day  1200.  this  is  designated 
as  the  start  Idav  0)  of  the  forecast;  the  duration  of  the  forecast 
is  100  days.  The  forward  integration  of  the  model  prior  to  day 
1200  is  the  nowcast,  the  purpose  of  which  is  twofold  111  to 
yield  an  accurate  depiction  of  the  present  oceanic  circulation 
and  height  field,  and  (2)  to  provide  an  initial  condition  for  the 
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Fig  13  Normalized  RMS  error  verus  lime  of  forecasts  using 
various  combinations  of  ascending  and  descending  track  data  from 
72-day  repeat  period  observations  Nowcast  is  initialized  at  day  -  72. 
updating  is  applied  during  nowcast  only  Curve  1.  nowcast  initialized 
and  updated  with  ascending  track  data  Same  as  Figure  1 2b.  curve  2; 
curve  2.  nowcast  initialized  with  descending  track  data  but  updated 
with  observations  from  ascending  tracks;  curve  3.  nowcast  initialized 
and  updated  from  descending  track  observations. 


forecast.  In  the  first  set  of  experiments  the  nowcast  is  ini¬ 
tialized  at  the  midpoint  of 'he  observing  period,  the  forecast  is 
always  initialized  at  model  day  1200  The  forcing  of  the  circu¬ 
lation  through  the  Yucatan  Straits,  which  is  constant  in  time, 
is  the  same  for  each  experiment. 

The  initial  data  for  the  first  three  forecast  experiments,  i.e.. 
for  the  72-.  36-,  and  24-day  repeat  track  cases,  are  based  on 
observations  along  the  ascending  tracks  (Figure  8).  The  de¬ 
scending  tracks  or  a  combination  of  ascending  and  descending 
tracks  could  also  be  used;  the  ascending  tracks  were  chosen 
because  they  exhibit  less  distortion  of  the  large  anticyclonic 
eddy.  Also,  it  is  advantageous  for  experimental  duplication  to 
separate  the  two  data  sets  because  they  represent  two  "inde¬ 
pendent"  realizations  with  which  to  initialize  a  model.  A 
blending  of  observations  from  the  ascending  and  descending 
tracks  could  be  accomplished  by  a  four-dimensional  optimal 
interpolation  schenr.,  an  approach  that  is  not  being  addressed 
in  this  report.  The  results  of  these  initial  forecast  experiments 
are  shown  in  Figure  9 a  as  a  time  series  of  RMS  difference 
between  the  forecast  height  field  and  the  true  solution.  The 
RMS  error  is  calculated  only  over  the  westernmost  1000  km 
of  the  basin  in  order  to  focus  on  the  isolated  westward  propa¬ 
gating  eddy.  Hence  the  relatively  steady  and  directly  forced 
Loop  Current  is  not  included  in  the  error  analysis.  The  RMS 
error  is  normalized  by  the  true  solution.  These  solutions  sug¬ 
gest  that  for  this  Gulf  of  Mexico  simulation  the  track  spacing 
of, the  24-day  sampling  case  (120  km)  is  sufficient  to  resolve 
the  primary  features;  the  asvnopticity  introduced  by  the 
longer  repeat  track  periods  yields  a  less  accurate  forecast. 

Unfortunately,  the  comparison  is  not  quite  so  simple.  If  the 
model  nowcast  is  initialized  with  the  data  from  the  descending 
tracks,  the  resulting  forecast  is  substantially  improved,  even 
though  the  initial  height  field  has  a  larger  RMS  error  (Figure 
96).  The  essential  difference  between  the  two  experiments  is 
that  the  “nowcast"  initialization  with  the  descending  track 
data  is  more  nearly  in  phase  with  the  true  solution;  when  the 
Loop  Current  sheds  the  next  anticyclonic  eddy,  it  more  accu¬ 
rately  predicts  the  position  of  the  eddy  as  it  propagates  west¬ 
ward.  This  is  a  coincidental  result  that  depends  upon  the  rela¬ 
tive  timing  between  the  sampling  of  the  most  important  dy¬ 
namic  features)  and  the  date  chosen  to  initialize  the  nowcast. 


The  accuracy  of  the  36-day  repeat  track  experiment  can  also 
be  improved  by  adjusting  the  phase  of  the  nowcast  ini¬ 
tialization  (not  shown).  The  24-day  experiment,  however, 
shows  little  difference  as  to  whether  the  ascending  or  descend¬ 
ing  data  are  used  to  initialize  the  forecast;  the  propagation  of 
the  eddy  is  sufficiently  slow  that  the  observations  approach  a 
synoptic  realization. 

In  a  true  forecast  experiment,  however,  the  most  appropri¬ 
ate  phase  of  the  initial  nowcast  field  is  an  unknown.  Hence  it 
is  important  to  develop  an  initialization  scheme  which  consis¬ 
tently  yields  an  accurate  nowcast  (day  0  of  the  forecast i  with 
zero  phase  shift  relative  to  the  true  solution  throughout  the 
model  basin.  As  was  evident  in  the  previous  experiments,  the 
altimeter  observations  can  form  a  nearly  synoptic  repre¬ 
sentation  of  the  true  solution  if  the  tracks  repeat  at  a  suf¬ 
ficiently  high  frequency  relative  to  the  time  scale  of  the  ocean¬ 
ic  phenomena.  If,  however,  the  ocean  features  require  a  nar¬ 
rower  track  spacing  (longer  repeat  periods),  the  asvnopticity  of 
the  observations  may  become  a  serious  problem  The  goal  of 
the  experiments  described  below  is  to  test  whether  the  numeri¬ 
cal  model  can  convert  asynoptic  observations  into  a  consis¬ 
tently  accurate  nowcast  forecast  of  the  model  ocean  The  asy¬ 
noptic  observations  will  be  assimilated  into  the  model  period¬ 
ically  so  that  the  spatial  variability  of  initial  phase  differences 
are  reduced  or  eliminated.  The  primary  questions  that  will  be 
addressed  a.c  it)  model  stability  to  pci  iodic  injection  of  data 
over  limited  domains.  (2)  the  optimum  frequency  of  inserting 
new  data,  i.e.,  updating  the  forecast,  and  (3)  the  major  prob¬ 
lems  associated  with  such  an  initialization  updating  scheme  in 
a  real  forecast  situation. 

The  initializationupdating  scheme  is  tested  using  the 
72-day  repeat  track  case.  Adjacent  tracks  are  40  km  apart  in 
space  and  3  days  in  time.  The  model  is  initialized  from  the 
asynoptic  set  of  observations  (Figure  8a).  which  are  assumed 
to  be  valid  at  day  1164  (i.e.,  day  -36  of  the  forecast).  The 
model  is  integrated  forward  in  time  and  stopped  every  T„  day  s, 
where  r„  is  the  updating  interval.  For  example,  if  the  updating 
period  is  3  days  (that  is.  the  tracks  are  inserted  one  at  a  time), 
the  model  is  integrated  to  day  1167.  ind  the  altimeter  height 
data  observed  along  the  track  on  day  1167  are  inserted  into 
the  model  in  exactly  the  same  manner  as  the  original  observa¬ 
tions.  The  height  field  is  remapped  to  the  numerical  grid,  and 
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Fig  14  Normalized  RMS  error  versus  lime  of  forecasts  for  ihree 
repeal  irack  periods  Nowcasl  is  initialized  at  the  beginning  of  ihe 
observation  period  and  updated  every  12  days  Only  observations 
from  ascending  tracks  are  used  Repeal  periods  are  as  follows  curve 
1.  72  days,  curve  2.  36  days,  and  curve  3.  24  days  Compare  with 
Figure  9u 
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a  new  initial  geostrophic  velocity  is  obtained  throughout  the 
basin  From  this  new  initial  field  on  day  1167  the  model  is 
integrated  to  day  1170,  at  which  time  the  altimeter  observa¬ 
tions  taken  along  the  track(s)  on  day  1170  are  inserted  into 
the  solution  The  insertion  of  new  altimeter  data  into  the 
model  is  effected  by  the  following  sequence:  (II  the  nowcast 
forecast  is  sampled,  e  g.,  at  day  1176,  using  a  simultaneous  set 
of  tracks  li  e  .  as  in  the  stationary  sampling  of  section  31  that 
exactly  overlay  the  altimeter  tracks.  (2)  the  height  field  along 
the  tracks  associated  with  the  update  are  replaced  by  the  al¬ 
timeter  data  along  the  designated  tracks  (Figure  10).  (3)  the 
height  field  throughout  the  basin  is  reinterpolated  to  the  nu¬ 
merical  grid.  (4)  the  new  height  field  is  differenced  to  obtain 
the  geostrophic  velocity  field,  and  (5)  the  model  is  reinitialized 
and  integrated  to  the  next  update  time.  For  the  72-day  repeat 
track  forecast  the  error  introduced  by  the  stationary  sampling 
is  small  because  the  track  spacing  (40  km)  accurately  deter¬ 
mines  the  height  field  with  an  error  of  less  than  1%  (Figure  4) 
For  the  36-day  repeat  track  case,  every  other  track  of  the 
simultaneous  “comb"  coincides  with  an  altimeter  track:  for 
the  24-day  repeat  period,  every  third  track  is  replaced  by  al¬ 
timeter  data.  If  the  updating  period  is  12  days,  the  model  is 
first  integrated  to  day  1 176.  and  four  tracks  are  inserted  at  a 
time  (Figure  10).  This  initialization  updating  (henceforth  IU) 
scheme  continues  into  and  through  the  forecast  period  be¬ 
cause  the  technique  is  equivaie..;  to  updating  the  forecast  with 
new  altimeter  data 

A  number  of  forecast  experiments  were  conducted  with  the 
updating  period  varying  from  3  to  18  days.  An  additional 
experiment  was  performed  to  test  the  effects  of  geostrophic 
initialization;  the  model  integration  was  halted  every  3  days 
and  reinitialized  with  the  same  height  field  and  the  geostroph- 
lcallv  balanced  velocity  field.  The  primary  sources  of  forecast 
error  in  these  experiments  are  (II  the  asynopticity  of  the  data. 
( 2 )  the  generation  of  gravity  waves  by  the  insertion  of  new 
data  and  the  geostrophic  initialization  scheme,  and  (3)  the 
spatial  interpolation  of  the  altimeter  measurements  to  the  nu¬ 
merical  grid.  An  additional  possible  contribution  to  the  error 
is  the  accumulation  of  noise  due  to  the  interaction  of  the 
non-linear  terms  in  the  model.  From  the  many  experiments 
conducted  in  this  study,  as  well  as  those  performed  by  Hurl- 
hurt  and  Thompson  [1980],  this  source  of  error  is  judged  to  be 
much  smaller  than  those  listed  above,  [n  addition,  the  40-km 
track  spacing  is  sufficiently  narrow  to  rule  out  spatial  interpo¬ 
lation  as  a  significant  error  source.  Flence  the  forecast  error  is 
due  to  a  combination  of  the  asynopticity  of  the  data  and  the 
generation  of  gravity  wave  noise.  The  reduction  of  the  asy- 
noptic  error  depends  upon  the  frequency  of  application  of  the 
updating  scheme.  As  the  updating  interval  increases,  the  inser¬ 
ted  data  represent  the  observations  at  a  particular  time  less 
accurately  The  forecast  error  approaches  that  of  the  nonup- 
dated  forecast  as  the  updating  interval  nears  the  repeat  track 
period  Optimally,  inserting  one  track  at  a  time  corrects  the 
asynopticity  most  effectively  Flowever.  frequent  application  of 
the  updating  scheme  generates  gravity  wave  noise.  The  results 
are  shown  in  Figure  II.  The  optimum  updating  interval  was 
found  to  be  12  days  or  four  tracks  at  a  time.  Intermittent 
updating  at  longer  intervals  did  not  correct  for  the  asynopti¬ 
city  of  the  observations  as  effectively.  If  the  interval  is  shorter 
than  12  days,  the  forecast  is  degraded  by  the  buildup  of  spuri¬ 
ous  gravity  wave  noise  generated  by  the  updating  scheme.  The 
experiment  in  which  only  a  geostrophic  initialization  is  per¬ 
formed  every  3  days  reveals  that  the  frequent  restarting  of  the 
model  with  a  geostrophically  balanced  velocity  field  is  the 
primary  source  of  spurious  gravity  wave  energy.  It  should  be 
noted  that  a  more  sophisticated  technique  for  determining  *he 
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Fig  15  Contour  plots  of  height  field  for  finer  resolution  (10-km 
grid)  Gulf  of  Mexico  vimulition  la)  Day  1536.  161  Day  iMX,  («-)  Day 
1560.  (4)  Day  1572.  If)  Day  1602  For  contour  interval,  see  Figure  3 
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Fig  16  Asvnoptic  sampling  of  10-km  grid  COM  simulation 
using  16-dav  repeat  tracks  (descending  only).  Track  spacing  is  80  km. 
For  explanation  of  solid  and  dashed  straight  lines,  see  Figure  7.  u) 
Sampling  occurs  from  day  1461  to  day  1494  (hi  Model  ocean  sam¬ 
pled  from  day  1497  to  day  1 5 AO 


initial  velocity  field,  such  as  a  nonlinear  balance  equation  or 
the  balancing  scheme  of  Ghi!  [1980]  (to  name  just  a  few), 
might  reduce  the  amplitude  of  the  spurious  gravity  waves. 
Experiments  with  the  36-day  repeat  track  observations  also 
revealed  that  the  most  effective  updating  interval  was  12  days. 
Hence  the  optimum  updating  interval  for  these  GOM  simula¬ 
tions  is  at  least  every  12  days. 

The  experiments  depicted  in  Figure  1 1  reduced  the  forecast 
error  by  111  improving  the  nowcast  (i.e..  generating  a  more 
accurate  initial  state  for  the  forecast)  and  (2)  updating  the 
forecast  with  new  altimeter  data.  In  the  next  set  of  experi¬ 
ments,  the  relative  effects  on  the  forecast  error  of  these  factors 
are  examined  The  updating  interval  for  these  experiments  is 
12  days.  A  forecast  is  generated  that  is  initialized  by  the  now- 
cast  but  not  updated  during  the  forecast  period.  Figure  12a 
reveals  that  updating  the  forecast  improved  the  prediction 
after  approximately  25  days  If,  however,  the  nowcast  is  start¬ 
ed  at  the  beginning  of  the  observation  period,  i.e.,  at  day  —69. 
and  the  two  experiments  are  repeated,  the  result  is  quite  differ¬ 
ent.  Figure  12 h  reveals  that  the  RMS  error  begins  to  increase 
at  day  60  if  the  updating  continues  during  the  forecast.  This  is 
due  t-'  the  very  slow  accumulation  of  inertia-gravity  wave 
noise  that  only  begins  to  degr  ufe  'he  forecast  after  approxi¬ 
mately  130  days  of  integration.  Note  that  if  the  nowcast  ;s 
initialized  with  the  asynoptic  data  at  the  beginning  of  the 
observing  period,  the  initial  RMS  error  of  the  nowcast  is  nec¬ 
essarily  large  As  the  III  scheme  proceeds,  all  the  observed 
data  are  reinserted  into  the  model  at  tor  near)  the  appropriate 
time,  and  the  RMS  error  rapidly  decreases  as  day  0  of  the 
forecast  is  approached 


Note  that  updating  the  forecast  did  not  improve  the  predic¬ 
tion  because  this  GOM  simulation  is  a  well-behaved  initial 
value  problem.  No  external  forcing  (except  a  constant  inflow 
through  the  Yucatan  Straitsi  was  applied,  and  tne  circulation 
exhibited  no  instabilities  during  the  forecast  period  The  satel¬ 
lite  track  spacing  provided  adequate  spatial  resolution,  and 
the  II  scheme  yielded  an  accurate  nowcast  Hence  ini¬ 
tialization  with  a  proper  nowcast  was  sufficient  to  yield  an 
accurate  forecast  Many  other  oceanic  regimes,  however,  will 
require  an  updated  forecast 

The  consistency  of  the  initialization  updating  scheme  is 
tested  by  generating  independent  forecasts  based  on  the  obser¬ 
vations  from  the  ascending  and  descending  tracks,  respec¬ 
tively.  Recall  from  Figure  9 b  that  when  the  nowcast  is  not 
updated,  the  ''ascending"  and  "descending"  forecasts  differed 
substantially  The  first  experiment  is  the  o  recast  described 
above,  in  which  the  nowcast  was  initialized  at  the  beginning  of 
the  observations  period  and  updated  with  the  ascending  track 
data.  The  second  forecast  is  identical  except  that  the  descend¬ 
ing  'rack  data  are  used  to  initialize  and  update  instead  of  the 
ascending  track  observations  A  third  forecast  is  generated  in 
which  the  nowcast  is  initialized  with  descending  track  data 
but  is  updated  with  observations  from  the  ascending  tracks 
This  experiment  is  designed  to  test  the  sensitivity  of  the  now- 
cast  to  variations  of  the  initial  state  In  all  of  the  experiments 
there  is  no  updating  during  the  forecast  phase  The  RMS 
errors  of  the  forecasts  (Figure  13)  are  essentially  the  same  for 
all  three  experiments.  Clearly,  the  IL  scheme  yields  a  consis¬ 
tently  accurate  nowcast  in  which  the  error  decreases  on  the 
time  scale  of  the  repeat  period. 

Finally,  forecasts  are  conducted  using  the  '2-.  36-.  and 
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F  ig  17  Asvnoptic  sampling  idescending  tracks  onlvt  of  10-km 
grid  GOM  simulation  for  two  repeat  periods  i<ji  24-da\  r<*r>eat  track 
.4nt  >.tv»  (lv  is*0)  and  [b]  "2  da>  repeat  track  period  <da>s 
1461  to  1530)  The  corresponding  track  spacing  is  120  km  in  mi  and 
40  km  in  \b) 
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24-dav  repeat  track  observations  and  the  initialization  tech¬ 
nique  discussed  above  In  each  experiment  the  nowcast  is  ini¬ 
tialed  with  the  descending  track  data  (Figure  8)  at  the  be¬ 
ginning  of  the  observing  period,  and  the  nowcast  is  updated 
every  12  days  No  updating  is  performed  during  the  forecast. 
The  results  (Figure  14)  show  that  the  forecasts  using  the  24- 
and  36-day  repeat  track  data  are  virtually  indistinguishable. 
Surprisingly,  the  RMS  error  of  the  forecast  from  the  7 2-day 
sampling  period  is  only  slightly  larger;  after  50  days,  all  three 
forecasts  have  equivalent  errors.  This  is  a  very  encouraging 
result  for  the  use  of  satellite  altimeter  observations  with  nu¬ 
merical  models.  It  suggests  that  the  inherent  asynopticitv  of 
the  altimeter  measurement  may  be  substantially  reduced  by  an 
initialization  updating  scheme  that  uses  a  numerical  model  to 
assimilate  the  data. 

It  should  be  noted  that  in  a  real  forecast  situation,  ad¬ 
ditional  sources  of  error  are  (1)  measurement  noise  (including 
environmental  effects  and  geoid  uncertainty),  (2)  orbit  error. 
(3)  vertical  assimilation  of  the  surface  observations  into  sub¬ 
surface  inform  >‘ion,  and  (4)  all  the  approximations  inherent  in 
a  numerical  si  alation  of  real  physical  processes.  Although 
these  are  nonrugligible  error  sources,  this  work  focuses  on  the 
temporal  spatial  resolution  problems  of  a  single  nadir  beam 
altimeter. 

5  Asynoptic  Sampling  and  Assimilation,  Part  2 

The  experiments  in  the  previous  section  presented  an  en¬ 
couraging  demonstration  of  model  assimilation  of  asynoptic 
altimeter  data.  In  this  section,  the  simulation  from  which  the 
observations  are  drawn  is  changed  to  one  with  much  greater 
temporal  and  spatial  variability.  The  GOM  simulation  with 
10-km  grid  resolution  and  an  eddy  viscosity  coefficient  of  100 
nr  sec  is  used.  The  forecast  period  is  shortened  to  72  days; 
day  0  of  the  forecast  is  model  day  1530.  This  is  approximately 
1  year  later  than  for  the  20-km  grid  solution  because  the  lower 
eddy  viscosity  requires  a  longer  spin  up  time  to  attain  statis¬ 
tical  equilibrium  As  noted  in  section  2,  the  behavior  of  the 
solution  is  much  more  irregular  than  the  20  km  grid  simula¬ 
tion  Figure  15  reveals  snapshots  of  the  height  field  for  days 
1536  to  1602.  Note  the  movement  of  the  small  cyclonic  eddy 
clockwise  along  the  perimeter  of  the  large  anticyclonic  eddy  in 
the  western  portion  of  the  basin.  The  diameter  of  the  small 
eddy  at  day  1497  is  approximately  200  km.  The  region  be- 
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Fig  IX  Normalized  RMS  error  versus  time  of  forecasts  in  which 
the  nowcast  is  initialized  —  I'h  asyr  yt::  cbssrvcncr..»  from  uucc 
repeat  Hack  periods,  curve  I.  72-day  repeat  (Figure  1761,  curve  2. 
lA-day  repeal  (Figure  I6F|.  and  curve  3.  24-day  repeat  (Figure  17c). 
No  updating  is  applied 
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Fig  19.  I  a)  Resultant  height  field  for  36-day  repeat  period  if  daia 
along  each  set  of  repeating  tracks  (Figure  161  are  interpolated  in  time 
lo  day  1497,  (f>)  True  solution  of  10-km  gnd  simulation  at  day  1497 


tween  the  two  eddies  is  characterized  by  very  sharp  pressure 
gradients,  and  the  clockwise  rotation  of  this  feature  is  associ¬ 
ated  with  significant  distortion  of  the  large  eddy.  Both  these 
aspects  of  the  solution  present  a  challenging  forecasting  situ¬ 
ation. 

The  sampling  procedure  for  the  simulated  altimeter  data  is 
identical  to  that  of  the  20-km  grid  experiments,  except  that  the 
model  is  sampled  every  10  km  along  the  track  instead  of  every 
20  km.  Asynoptic  sampling  along  tracks  which  repeat  every 
72-.  36-,  and  24-days  is  conducted.  The  observations  along  the 
descending  tracks  for  two  consecutive  36-dav  repeat  track 
periods  are  shown  in  Figure  16  The  most  recent  track  in 
Figure  16a  is  on  day  1494,  while  in  Figure  166.  the  same  track 
is  on  day  1530.  The  asynoptic  sampling  for  the  24-  and  72-day 
repeat  track  periods  is  shown  in  Figure  17  Forecasts  are  gen¬ 
erated  in  which  the  model  nowcast  is  initialized  with  the  asy¬ 
noptic  observations,  and  there  is  no  subsequent  application  of 
an  IU  scheme.  The  forecast  procedure  is  identical  to  the 
20-km  grid  experiments;  the  nowcast  is  initialized  at  the  mid¬ 
point  of  the  observing  period  with  the  most  recent  data  from 
the  descending  tracks.  The  results  (Figure  18)  reveal  that  the 
24-day  sampling  period  yields  the  most  accurate  prediction 
Although  the  fine  resolution  case  contains  numerous  small- 
scale  features,  the  primary  features  are  sufficiently  large  that 
the  track  spacing  of  the  24-day  repeat  pattern  yields  adequate 
resolution.  This  is  true  even  for  the  small  cyclonic  eddy  in  the 
western  gulf.  The  RMS  errors  of  all  the  forecasts,  however,  are 
approximately  twice  tha*  of  thr  correvpondtuc  2C  i>.,i  fort 
casti. 

Prior  to  examining  predictions  that  use  an  updating  tech¬ 
nique,  a  forecast  is  conducted  from  the  36-day  repeat  track 
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Fig  20.  Normalized  RMS  error  versus  time  if  forecast  is  ini¬ 
tialized  at  day  1497  |day  -33  of  prediction)  using  the  height  field  of 
Figure  19a.  No  updating  is  applied. 


sampling  using  a  different  scheme  for  the  nowcast  ini¬ 
tialization.  The  data  from  the  previous  36-day  sampling 
period  are  used  (i.e..  days  1461  to  1494).  Because  the  time  of 
the  observations  along  each  exactly  repeating  track  bracket 
day  1497,  the  data  are  interpolated  in  time  to  that  day.  Hence 
before  mapping  the  observations  to  the  numerical  grid,  the 
data  from  each  set  of  repeating  tracks  are  used  to  find  the 
interpolated  value  at  day  1497.  This  is  a  simple  attempt  to 
produce  an  initial  condition  for  the  nowcast  with  a  more  uni¬ 
form  phase  distribution  relative  to  the  true  solution  (Figure 
19).  The  interpolated  field  is  surprisingly  similar  to  the  true 
solution  in  view  of  the  asynopticity  of  each  data  set  (Figure 
16).  The  nowcast  is  initialized  at  day  1497  with  the  interpo¬ 
lated  field;  the  RMS  error  of  the  resulting  forecast  (Figure  20) 
is  substantially  less  than  that  using  the  asynoptic  initialization, 
at  least  out  to  day  40. 

Because  of  limited  computer  resources  and  the  cost  of  the 
10-km  grid  runs,  the  study  was  limited  to  just  a  few  predic¬ 
tions  using  the  IU  scheme.  Focus  is  placed  only  on  the  fore¬ 
casts  utilizing  36-day  repeat  track  observations.  Two  experi¬ 
ments  are  conducted  in  which  the  nowcast  is  updated  four 
tracks  at  a  time  every  12  days  until  day  0  of  the  forecast; 
subsequently,  there  is  no  updating  of  the  forecast.  In  the  first 
experiment  the  nowcast  is  initialized  with  the  asynoptic  obser¬ 
vations  (Figure  166)  at  day  1497;  in  the  second  experiment  the 
nowcast  is  initialized  with  the  time  interpolated  field  (Figure 
19a)  also  at  day  1497.  Figure  21a  demonstrates  that  the  IU 
scheme  improves  the  forecast  throughout  the  duration  of  the 
prediction,  lust  as  in  the  20-km  grid  forecasts,  the  application 
of  updating  to  the  nowcast  reduces  the  RMS  error  to  approxi¬ 
mately  that  of  the  24-day  repeat  period  forecast. 

In  the  final  experiment  the  prediction  continues  to  be  up¬ 
dated  during  the  first  48  days  of  the  forecast;  this  is  a  continu¬ 
ation  of  the  nowcast  initialized  by  the  temporal  interpolation 
and  updated  every  12  days.  The  RMS  error  of  the  updated 
and  the  nonupdated  forecasts  are  plotted  in  Figure  216.  Up¬ 
dating  the  forecast  did  not  improve  the  accuracy  of  the  solu¬ 
tion,  out  for  a  different  reason  than  in  the  20-km  grid  case 
described  in  section  4.  In  the  20-km  grid  forecasts  the  accumu¬ 
lation  of  gravity  wave  energy  eventually  degraded  the  forecast. 
In  the  10-km  grid  forecasts  the  errors  are  due  to  cyclonic 
eddies  generated  by  the  periodic  insertion  of  new  data  into  the 
model  solution.  The  intense  pressure  gradient  on  the  perimeter 
of  the  large  anticyclonic  eddy  and  the  low  value  of  lateral 
viscosity  coefficient  excite  cyclonic  eddies  at  the  edge(s)  of  the 


data  patch  inserted  by  the  IU  scheme  The  spurious  eddies 
generated  in  this  unstable  regime  can  persist  for  a  month  or 
longer.  This  is  clearly  depicted  in  Figure  22.  which  displays 
"snapshots"  1  month  after  the  start  of  the  forecast  (model  day 
1560)  for  each  of  the  five  forecasts  based  on  the  36-day  repeat 
track  observations;  the  true  numerical  solution  at  day  1560  is 
also  shown.  Figure  22 /  shows  an  intense  cyclonic  eddy  in  the 
northwest  corner  of  the  basin;  this  eddy  is  only  weakly  indi¬ 
cated  in  the  true  field  (Figure  22a).  Although  the  10-km  grid 
solution  presents  a  difficult  challenge  for  accurate  simulated 
forecast  studies,  it  does  suggest  that  altimeter  data  assimi¬ 
lation  in  unstable  regions  may  require  sophisticated  tech¬ 
niques  for  blending  the  observations  into  the  model. 

The  remaining  panels  in  Figure  22  clearly  show  the  value  of 
updating  the  nowcast.  Each  case  in  which  the  IU  scheme  was 
applied  during  the  nowcast  reveals  a  more  realistic  ti  e.,  in 
comparison  to  Figure  22a)  anticyclonic  eddy;  the  pronounced 
asymmetry  of  the  large  eddy  is  better  defined  (Figure  22c  and 
22(f).  During  the  observation  period  the  diameter  of  the  cy¬ 
clonic  eddy  was  approximately  200  km,  and  it  translated  at  a 
speed  of  abcut  5  6  cm  s.  Note  that  these  values  are  consistent 
with  observations  of  Gulf  Stream  rings  [Lai  and  Richardson. 
1977],  Given  these  parameters  of  the  eddy,  it  is  encouraging 
that  (1)  the  1 20-km  track  spacing  of  the  24-day  repeat  tracks 
adequately  resolved  the  20O-km  eddy,  and  (2)  the  asynopticity 
of  the  36-day  repeat  tracks  could  be  corrected  by  the  appli¬ 
cation  of  an  initialization;  updating  scheme.  The  results  sug¬ 
gest  that  the  assimilation  of  data  from  a  single  beam  altimeter 
into  a  numerical  forecast  model  may  be  able  to  monitor  the 


(a)  50 


40  u 

30  c 


2 

20- 


1°L 


O'i - - - - - - - — - - - - -  - 

-40  -20  0  20  40 

DAYS 


(b)  50 


40  I- 

!X 

o 

ac  v 
cc 

t/i  30  r 


O' - -  . ,  .  -  -  ■ 

-40  20  0  20  40  60 

DAYS 

Fig.  21  Normalized  RMS  error  of  forecasts  for  10-km  gnd  simu¬ 
lation  using  descending  track  data  from  36-day  repeal  period  ,i) 
Curve  1.  Nowcast  is  initialized  with  asynopuc  observations  (Figure 
166)  and  updated  every  12  days,  curve  2.  same  as  I,  exerpt  that  no 
updating  is  applied;  curve  3.  nowcast  is  initialized  with  time- 
interpolated  height  field  (Figure  19a)  and  updated  every  12  days  (6) 
Curve  1,  same  as  curve  3  in  (a);  curve  2.  same  as  1.  except  that 
nowcast  and  forecast  are  updated  to  day  48. 


2430 


Kindle  Sampling  Sfraffgifs  and  Model  Assimilation  of  Alfimfiric  Data 


Fig.  22.  Comour  plots  of  height  field  for  true  solution  (a)  and  five  forecasts  using  36-day  repeat  track  observations  All 
plots  are  for  one  month  after  the  start  of  the  forecast  la)  True  field,  ^b)  Asynoptic  height  field  used  to  initialize  height  field 
No  updating  is  applied  during  nowcast  or  forecast  (Figure  21  a.  curve  2)  Figure  21a.  curve  2  (cl  Same  as  (6)  except  that 
nowcast  is  updated  (Figure  21a.  curve  I  Id)  Nowcast  is  initialized  with  time  interpolated  field  no  updating  is  applied 
iFigure  20);  (el  Same  as  (d).  except  that  nowcast  is  updated  iFigure  21a.  curve  3.  (/)  Same  as  le)  except  that  forecast  is 
updated  to  day  1578 


mesoscale  variability  in  a  variety  of  regions  throughout  the 
globe.  Recall  that  the  track  spacing  used  in  this  report  did  not 
take  into  account  the  poleward  convergence  of  tracks;  this 
convergence  is  approximately  proportional  to  the  cosine  of 
the  latitude  Hence  at  mid-latitudes  the  24-day  repeat  tracks 
would  actually  be  approximately  90  km  apart,  and  the  36-day 
tracks  would  have  a  spacing  of  about  60  km  (Table  2).  Given 
such  track  spacing  and  the  ability  of  the  numerical  model  to 
assimilate  the  data  and  correct  for  asvnopticity.  the  potential 
benefits  of  altimeter-derived  sea  surface  heights  are  indeed  sig¬ 
nificant. 

6  .Summary  and  Conclusions 

This  work  used  simulated  asynoptic  perfect  altimeter  data 
and  a  one-layer  reduced  gravity  model  of  the  Gulf  of  Mexico 
to  examine  such  issues  as  |1)  the  track  spacing  required  to 
adequately  resolve  oceanic  eddies.  (2)  the  initialization  of  a 
dynamic  primitive  equation  forecast  model  using  only  altime¬ 
ter  derived  sea  surface  heights.  (3)  the  effects  of  the  asynopti- 
city  of  the  observations  on  the  forecast,  and  (4)  the  use  of  an 
initialization  updating  technique  to  improve  the  forecast.  The 
simulated  data  were  obtained  by  flying  a  hypothetical  altime¬ 


ter  over  the  model  ocean  and  sampling  the  model  sea  surface 
in  a  manner  similar  to  t'.iat  of  a  real  altimeter  Among  the 
issues  that  were  not  addressed  in  the  study  were  the  assimi¬ 
lation  of  altimeter  data  into  a  multilayer  model  and  the  effects 
of  error  on  the  measurement  of  the  dynamic  sea  surface 
height.  Error  in  the  height  field  can  be  caused  by  instrument 
noise,  imperfect  correction  foi  environmental  effects,  orbit  un¬ 
certainty.  and  or  inadequate  knowledge  of  the  geoid 

The  stationary  sampling  studies  revealed  that  a  circular 
eddy  requires  two  tracks  (either  ascending  or  descending! 
across  the  eddy  to  ensure  adequate  spatial  resolution  An  eddy 
with  a  highly  irregular  shape  may  require  three  or  four  tracks 
The  study  also  discovered  that  if  the  track  spacing  is  sufficient 
to  resolve  the  height  field  of  an  eddy,  the  along-track  geo- 
strophic  velocity  component  is  determined  with  comparable 
accuracy  to  that  of  the  cross-track  component 

The  simulated  asynoptic  altimeter  measurements  of  sea  sur¬ 
face  height  were  obtained  by  III  integrating  the  Gulf  of 
Mexico  model  to  statistical  equilibrium.  |2)  flying  a  hypotheti¬ 
cal  altimeter  with  a  realistic  track  sequence  over  the  model 
ocean,  and  (3)  objectively  mapping  the  perfect  sampled  data 
onto  a  numerical  grid  The  tracks  were  assumed  to  repeat 
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TABLE  2  Tiack  Spacing  <i>  a  Function  of  Repeat  Period  Latitude 


Latitude 

Repeal  Period,  days 

a 

36  24 

17 

0 

40 

so  120 

164 

25 

'2  108 

149 

40 

r.l  42 

126 

Track  -.pacing  gn-n  o'  kilometers  The  values  were  determined  by 
as'unrng  ’hat  the  poleward  convergence  of  ground  tracks  is  a  func¬ 
tion  only  of  the  cosine  of  ihe  latitude  and  the  altitude  of  the  satellite 
orbit  is  MOO  km 

exactly  with  a  period  of  72.  26.  or  24  days.  The  mode!  was 
initialized  and  restarted  by  using  the  "observed"  height  field 
and  a  geostrop'  ica.ll y  balanced  velocity  field.  Experiments 
were  conducted  using  one  of  two  model  oceans.  The  first  one 
utilized  a  grid  spacing  of  20  km  and  an  eddy  viscosity  coef¬ 
ficient  of  300  m:  s.  The  large  anticvclonie  eddy  that  sheds 
from  the  Loop  Current  had  a  diameter  of  approximately  600 
km  and  a  regular  behavior  pattern.  The  second  model  ocean 
was  identical  to  the  first  except  that  the  grid  resolution  and 
eddy  viscosity  coefficient  were  reduced  to  10  km  and  100  m2  s. 
respectively.  This  ocean  exhibited  much  greater  temporal  and 
spatial  variability.  In  both  model  simulations,  no  wind  forcing 
was  applied,  and  the  transport  through  the  Yucatan  Straits 
remained  constant 

Three  types  of  forecast  experiments  were  conducted: 

1.  The  nowcast  (that  period  prior  to  the  start  of  the  fore¬ 
cast  during  which  the  observations  were  collected)  is  ini¬ 
tialized  with  the  asynoptie  data  set;  the  model  is  integrated 
forward  with  no  updating  applied  during  the  nowcast  or  fore¬ 
cast. 

2  An  initialization  updating  scheme  is  applied  during  the 
nowcast  but  not  during  the  forecast. 

3  Both  the  nowcast  and  the  forecast  are  updated 

The  updating  technique  inserts  the  observed  altimeter 
heights  into  the  nowcast  forecast  on  a  track  by  track  basis 

The  results  of  the  Gulf  of  Mexico  forecast  experiments  dem¬ 
onstrated  the  following 

1.  The  optimum  updating  period  is  at  least  every  12  days 
or  (for  the  assumed  track  pattern)  four  tracks  at  a  time 

2.  Suitable  application  of  the  initialization  updating 
scheme  during  the  nowcast  always  resulted  in  a  more  accurate 
forecast.  In  the  20-km  grid  experiments  the  asynopticity  of  the 
'’2-day  repeat  track  observations  was  reduced  so  effectively 
that  the  forecast  was  just  as  accurate  as  the  one  using  the 
24-day  repeat  track  data  The  RMS  errors  of  both  forecasts 
were  approximately  5%  after  100  days.  The  time  scale  for  the 
reduction  of  the  asvnoptic  error  is  the  repeat  period  of  the 
satellite  The  10-km  grid  forecasts  also  showed  significant  im¬ 
provement.  These  simulations  displayed  an  impressive  ability 
of  the  sampling,  modeling  to  detect  and  predict  the  beh  tvior  of 
a  small  I '200  km),  swiftly  movimg  I '  5  6  cm  s)  eddy  that 
played  a  key  role  in  the  dynamics  of  the  model  ocean 

3.  Repeated  application  of  an  updating  scheme  in  an  un¬ 
stable  oceanic  regime  may  result  in  the  generation  of  spurious 
eddies  at  the  edgets)  of  the  inserted  data  patch.  Tor  rapidly 
evolving  unstable  regions  the  development  of  a  multibeam 
altimeter  ( B'ish  el  al.,  1984]  would  provide  a  significant  im¬ 
provement  over  the  single-beam  altimeter  measurements 

The  interaction  between  asynoptie  altimeter  data  and  a  hy¬ 
drodynamic  numerical  model  indicates  that  both  adequate 
spatial  and  temporal  resolution  may  be  possible  with  a  single 
nadir  beam  altimeter,  particularly  for  oceanic  regimes  such  as 


the  Gulf  of  Mexico.  The  observations  form  the  basis  of  the 
model  initialization,  and  in  turn,  the  model  "corrects"  the  asy¬ 
nopticity  of  the  data.  The  result  is  an  accurate  nowcast  that 
for  highly  asynoptie  data  would  not  have  been  possible  with¬ 
out  the  use  of  the  model.  A  sampling  strategy  should  favor 
spatial  resolution  A  track  spacing  that  resolves  the  important 
dynamic  features  should  be  chosen;  the  inherent  asynopticity 
of  the  measurements  can  be  reduced  by  applying  an  ini¬ 
tialization  updating  scheme  to  the  numerical  nowcast  In  dy¬ 
namically  complex  regions,  such  as  near  western  boundary 
currents,  a  multiple  beam  altimeter  or  multiple  single  beam 
altimeters  may  be  required  for  sufficient  spatial  and  temporal 
resolution 

It  should  be  noted  that  the  ability  of  a  numerical  scheme  to 
generate  a  realistic  nowcast  depends  on  the  numerical  and 
physical  accuracy  of  the  model.  For  the  simulations  presented 
above,  the  model  dvnamics  match  the  dynamics  of  the  "true" 
solution  exactly.  Certainly  this  is  not  the  case  in  a  true  fore¬ 
cast  Although  reduced  gravity  models  are  able  to  simulate  a 
variety  of  oceanic  phenomena,  it  is  necessary  to  develop  as¬ 
similation  schemes  for  multilayer  models  and  more  complex 
forecasting  scenarios  [see  Hurlburt.  1985].  Future  simulation 
experiments  will  utilize  multi-vertical  mode  models  in  the 
Gulf  Stream  region.  However,  the  simple  experiments  present¬ 
ed  in  this  study  are  encouraging  for  the  eventual  use  of  satcl- 
lite  altimetery  in  ocean  monitoring  and  prediction 

Notation 

.4  lateral  eddy  viscosity  coefficient 
f  Coriolis  parameter, 
q  acceleration  due  to  gravity 
q'  reduced  gravity,  equal  to  qYp  p 
h  instantaneous  local  thickness  of  the  layer. 

H  initial  thickness  of  the  upper  layer 
2  free  surface  anomaly  ;  deviation  of  free  surface 
above  its  initial  flat  position 

PHA  pycnocline  height  anomaly ;  deviation  of  interface 
below  its  initial  uniform  position 

Ap  density  difference  between  upper  and  lower  layers. 

P  average  density  of  model  ocean 
t  time. 

u  velocity  component  in  v  direction, 
r  velocity  component  in  i  direction. 

V  transport,  equal  to  hi. 

v.  y,  r  Cartesian  coordinates  with  x  positive  eastward, 
y  positive  northward,  and  r  positive  upward 
t  surface  wind  stress  vector 
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